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CLBBK ON THEORY OF GAS-ENGINK. [Minutes of 



(Paper No. 1855.) 

"The Theory of the Gas-Engine." 

By DuGALD Clerk. 

The practical problem of the conversion of heat into mechanical 
work has long occupied the minds of engineers and scientists ; 
the steam-engine is a partial solution, but although perfect as a 
machine, its eflficiency is so low that it can hardly be considered as 
satisfactory and final. As the result of the best modern practice it 
may be taken that the steam-engine does not convert more than 
10 per cent, of the heat used by it into work, and this in engines 
of considerable size and with boilers and furnaces fairly efficient. 
In small engines it is much less, indeed it is certain that few 
among the thousands of steam-engines in daily use below G HP. 
give an efficiency greater than 4 per cent. The great cause of loss 
is the amount of heat necessary to change the water from the 
liquid to the gaseous state, most of this heat being rejected with 
the exhaust either into the condenser or the atmo8])here. Many 
attempts have been made to use liquids of lower specific heat than 
water, and requiring less heat for evaporation, the i)rincipal being 
alcohol, ether and carbon bisulphide, but for obvious reasons no 
success has been attained. 

To heated air as a means of obtaining power, the objection of 
loss by latent heat does not apply, the air is already in the gaseous 
state, and any heat added at constant volume increases the temper- 
ature, and therefore the pressure, without the comy)lication of 
change of physical state. A high efficiency would therefore be 
expected, and according to Professor Kankine the efficiency of the 
fluid in the engines of the "Ericsson" was about 0*26; the 
efficiency of the furnace was however low, and accordingly the 
actual efficiency of the engine was no higher than that of the liest 
steam-engines now in use. In the " Stirling " hot-air engine, 
he found the efficiency of the fluid to be O-'M) with a higher 
efficiency of furnace than in Ericsson's. 

In the Ericsson engine the air was heated at constant ])reKsiire, 
the volume augmenting and the power l)eing given by the increase*! 
volume of the air as it entered the motor-cylinder from the reservoir 
into which it had been compressed. The mean eft'eetive pressure 
w&o only 2*12 lbs. on the square inch; the size and friction of the 
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engine for a given power was enormous. In the Stirling engine 
the air was heated at constant volume with increase in pressure, 
the power being obtained by subsequent expansion ; the mean 
available pressure was 37 lbs. per square inch, and the friction of 
the engine only amounted to one-tenth of the total indicated 
power. Both engines used the now well-known contrivance, the 
regenerator, which was the invention of Dr. Stirling, and which is 
the cause in both of the high efficiency. 

The failure of these engines was due to the rapid burning out 
of the cylinder-bottoms by the direct action of the fire, it being 
found impossible to heat the air rapidly enough to the required 
temperature without maintaining the temperature of the metal 
surfaces much higher than the maximum temperature to be 
attained by the air. To overcome this slow heating of the air 
when in mass has been the object of many inventors, and a type 
has often been proposed with a closed furnace, and the air forced 
through this furnace keeping up the combustion, the hot products 
going to the motor-cylinder and there doing work. This method 
of internal heating, however, introduces difficulties as grave as 
exist in the external method. The hot gases having to pass 
through pipes and valves to the motor-cylinder renders it im- 
possible to maintain a very high temperature without damage to 
the machine. Sir George Cayley was the first to make and work 
experimentally an engine of this type. 

In view of these futile attempts, until very recently hot air was 
considered as among the failures of the past, and it was believed 
that, imperfect as the steam-engine is, nothing was likely to 
succeed in producing a better result. 

The great progress made in recent years with the gas-engine, 
and its advance from the state of an interesting but troublesome 
toy to a practical powerful rival of the steam-engine, has shown 
that air may after all be the chief motive power of the future. 
In the gas-engine chemical considerations greatly modify the 
theory and prevent it from ranking as a simple hot-air engine; 
but to be thoroughly understood it is better first to consider the 
power to be obtained from air under certain theoretical conditions. 

Three well-defined types of engines have been proposed — 

(1.) An engine drawing into its cylinder gas and air at atmo- 
spheric pressure for a portion of its stroke, cutting off communi- 
cation with the outer atmosphere, and immediately igniting the 
mixture, the piston being pushed forward by the pressure of the 
ignited gases during the remainder of its stroke. The in-stroke 
then discharges the products of combustion. 
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(2.) An engine in which a mixture of gae and air is drawn into 
a pump, and ie diecharged by the return strofee into a reservoir in 
a state of compression.. From the reservoir the mixture enters into 
a cylinder, being ignited as it enters, without rise in pressure, 
but simply increased in volume, and following the piston as it 
moves forward, the return stroke discharges the products of com- 
bustion. 

(3.) An engine in which a mixture of gas and air is compresBed 
or introduced under compression into a cylinder, or Bpa,ce at the 
end of a cylinder, and then ignited while the volume remuns 
constant and the pressure rises. Under this pressure the piston 
moves forward, and the return stroke discharges the exhaust. 

Several minor types have been proposed, and many modifications 
of these three methods are used. A thorough understanding of 



these, however, renders it possible to judge the merits of any 

Types 1 and 3 are explosion -engines, the volume of the mixture 
remaining constant while the pressure increases. Type 2 is a 
gradual-combustion engine in which the pressure is constant but 
the volume increases. 

The Author, in the course of his experiments on gas-engines, 
has found that 1,537 ■ t'enligvadc is the temperature usually attained 
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by the i^ited gases in his engine, and he has accordingly investi- 
gated the behaviour of air under different conditions at this 
temperature. 

Type 1. Suppose an engine to have a piston with an area of 
144 square inches and a stroke of 2 feet. Let the piston move 
through the first half of its stroke drawing into the cylinder air; 
let enough heat be immediately added to this air to cause it to 
rise instantly to 1,537° Centigrade, and the piston continue 
moving forward 'under the pressure produced. If there be no loss 
of heat through the aides of the cold cylinder, but the temperature 
of the air fall only through performing work, how much work 
would be done when the piston completes it« out-stroke ? 

The air before the heat is added is supposed to be at a tempera- 
ture of 17° Centigrade (about 60° Fahrenheit), and the ordinary 
atmospheric pressure. In Fig. 1 the line marked adiabatic No. 2 
is the curve showing the work which would be obtained under 
the supposed conditions. Fig. 2 is the indicator diagram such 
an engine would furnish. It is not necessary here to detail the 
calculations. With this Paper is given a Table of the data used, 



I 



1 cubic Riot. a cubic feet. 

80 that the numbers may be verified (p. 250). The following are 
the results : — 

1 cubic foot of air (at 17" Centigrade, and 760 milIi-> 
metrea mercury) remaining at coDstont volume re^l 
quireB to heat it to 1,537° Ceotigrade, an amount of[ 26,768 foot-lba. 

heat equivalent to ] 

Maximum pteeauro in lbs. per square inch abovol 

atmosphere 

PreBBure at the end of stroke pet equare inch abovel ,„.„ 



76-6 Iba. 
1 



Mean pressuie during available part of stroke . 

Temperature of air at end of stroke 1,089° C. 

Work done on piston 5,731 fool^lBw, 

5,731 
" 26.762 " 



Ihityofeng[ne.5g^ =0-21. 
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(2.) An engine in which a misture of gas and air is drawn into 
a pump, and is discharged by the return stroke into a reservoir in 
a 8tat« of compression^ From the reservoir the mixture enters into 
a cylinder, being ignited as it entera, without rise in pressure, 
but simply increased in volume, and following the piston as it 
moves forward, the return stroke discharges the products of com- 
bustion. 

(3.) An engine in which a mixture of gas and air is compressed 
or introduced under compression into a cylinder, or space at the 
end of a cylinder, and then ignited while the volume remains 
constant and the pressure rises. Under this pressure the piston 
moves forward, and the return stroke discharges the oxhaiiBt, 

Several minor tj'pes have been proposed, and many modifications 
of these three methods are used. A thorough understanding of 



these, however, renders it possible to judge the merits of any 

Types 1 and 3 are explosion-engines, the volume of the mixture 
remaining constant while the pressure increases. Type 2 is a 
gradual -combust ion engine in which the pressure is constant hut 

The Author, in the course of his experiments on gaB-engines. 
has found thai l,o37' Centigrade is the temperature usually attained 
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by the ignited gaaes in his engine, and he haa accordingly inveeti- 
gated the behaTiour of air under different conditions at this 
temperature. 

Type 1. Suppose an engine to have a piston witii an area of 
144 square inches and a stroke of 2 feet. Let the piston move 
through the first half of its stroke drawing into the cylinder air; 
let enough heat be immediately added to this air to cause it to 
rise instantly to 1,537° Centigrade, and the piston continue 
moving forward *under the pressure produced. If there be no loss 
of heat through the sides of the cold cylinder, but the temperature 
of the air fall only through performing work, how much work 
would be done when the piston complete its out-stroke? 

The air before the heat is added is supposed to be at a tempera- 
ture of 17° Centigrade (about 60° Fahrenheit), and the ordinary 
atmospheric pressure. In Fig. 1 the line marked adiabatlc No. 2 
is the ourve showing the work which would be obtained under 
the supposed conditions. Fig. 2 is the indicator diagram such 
an engine would furnish. It is not necessary here to detail the 
calculations. With this Paper is given a Table of the data used, 



■S -otxs.)isi»aioi2S*ia-:s«'" tine" 
i cubic Hurt. S cubic teei. 

so that the numbers may be verified (p. 250). The following are 
the results: — 

1 cubic foot of air (at 17° Centigrade, and 760 milli-i 
metree mercury) remaimng at oonBtaut volume re-l „„ 
quires to heat it to 1,537° Centigrade, an ajuouut of[ ^^-'^^ root-lba 

heat equivalent to J 

Maximum presBuro iu lbs. per square inoli abovet , 

. atmosphere / '6-6 iW 

Pressure at the end of stroke per square inch abovel yi.c 

atmosphere ] " 

Mean pressure during available part of stroke ... 39'8 „ 

Temperature of air at end of stroke 1,089° C. 

Work done on piston 5,731 foot-lba. 

Duty of engine -=1^ = 0'21. 



Aa tLe engine ia supposed to draw in air for half of its stroke, 
the last half of the stroke only is utilised for power ; the m«m 

available pressure calculated for the whole etrofee is only — ^ = 

19 '9 lbs. per square inch. There is a coneiderable pressure at the 
end of the stroke which could be made to give more work by 
expanding further ; but for the purpose of comparison it is 1>etter 
to consider the three types of engine as each having a cylinder- 
capacity swept by the piston of 2 cubic feet, and tn each case 
using in its operation 1 cubic foot of air at each stroke. 

Type 2. Suppose an engine to draw into a pump 1 cubic foot of 
air, on its return stroke forcing the air into a reservoir at a 
pressure of 76 ■ 6 lbs. per square inch above the atmosphere. The 
motor-piston is now at the beginning of its out-stroke, and as it 
moves forward air from the reservoir enters the cylinder, but 
as it enters it is heated to 1,637° Centigrade, without rise in 
pressure ; the motor-piston sweeps through 2 cubic feet. 

Fig. 3 shows the indicated Card of this engine, ab c d ia the 
pump diagram. Air at 17° Centigrade is taken in, compressed 



without loss of heat, the temperature rising under the compression 
to 21 7° '5 Centigrade. When It is equal to the pressure in the 
reservoir it is forced into the reservoir, as is shown on the 
line be. 

In all the operations no loss or gain of heat is assumed, except 
in doing work or in work being done on the air. In the motor- 
digram from c to B the air ia flowing from the reservoir following 
the piston, and the temperature is 1,537° Centigrade during the 
whole admission. At e the communication with the reservoir is 
cut off, and the temperature falls while the air is expanding 
doing work, until it reaohee the end of the stroke, when the 
exhaust is discharged by the retaro-strokc of the piston. 



32,723 foot-lbs. 
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For convenience the pump-diagram ie shown on the motor one, 
and the shaded portion represents the work done by the air as the 
result of the cycle. As the heat is added while the air expands in 
volume, it takes considerably more to raise a cubic foot of air to 
the required temperature than in the case of type 1. 

1 cubic foot of ait (17° Centigrade koA 
760 mjllimetree merciiTjr) at conBtaot 
pressure Tequiiaa to heat it from the tem- 
perature of compreBBion 217°'5 to 1,5S7° 
Centigiede heat equivalent to ... . 
Maximum pressure in lbs. per equare inohi ^e.fi iiu, 

above atmosphere j ' ■ 

Pressure at end of stroke above atmoaphere 18-6 „ 

Mean pTesanreduringavailablepartof stroke 47' 1 „ per iiq. inch. 

Temperatuieof air at the end of stroke. - 1,089° CentlBQM^ 

Wotk done on piston 11,799 foot-lbs. .' 

Dutyofeogine -||i^ = 0-36. 

Type 3. Suppose an engine to draw into a pump 1 cubic foot of 
air, on its return stroke forcing it into a roBcrvoir at,a prrasure of 



40 lbs. above the atmosphere. The motor-piston ia now at the 
beginning of its out-atroke, and as it moves forward air from the 
reservoir enters the cylinder while the piston sweeps through 
0'39 cubic feet. At this point communication ia Qut off, and the 
temperature suddenly raised to 1,637° Centigrade. , Hitherto the 
air has remained at the temperature of compresaion 15Q°'5. The 
pressure goes straight up to 220 lbs. above atmosphere. This is 
shown at Fig. 1, and also at Fig. 4, which is the diagram of this 
type of engine, a 6 c d is the compression digram,- ah ef the 
motor diagram. The piston continues to move forward, and the 
air expands doing work. At the end of the. stroke the preasure 
haa fallen to 8'4 lbs. per square inch above the atmoaphere. 

[the INST. C.E. VOL. LSIX.] C 
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1 cubio ibot of air (17° Centigrade, and 760. 

miUimetrea tuercurj) at coDstti&t volamej 

lequirea to beat it fnm Oip temperature ofV 21,416 foot-lbs. 

conipre«Bio& 150°'5 Centigrade to 1^37°| 

Centigntde beat, equivalent to . . . .) 
Maiimum pressure in lbs. per square inoht ^^ jj^ 

above atmosphere J 

Pre«enie at end of etrobe S ' 1 „ 

Mean pressiue during available part of strobe 47'8 „ per iiqiuue in. 

Temperature at middle of stroke .... 953° Centigrade. 

„ end of stroke 648" 

Work done on the piston 11 ,090 fool-lbs. 

Dutyof engine ^1^^^= 0-45. 

Fig. 5 shows the moat important modification of this type ; in 
it, instead of a separate reservoir, a space is left at the end of 

ITiQ. 3. 



Pabiv or THE Stboei. 

the cylinder, into which the piston does not enter, and in tiaa 
space the gases forming the inflammable mixture are compressed. 
The rise in preeenre therefore commences at the beginning of the 
stroke instead of when the piston has travelled out. In this 
diagram the volume swept by the piston and the clearance space 
together are supposed to be equal to 2 cubic feet. Comparing the 
results obtained from these three modes under precisely similar 
conditions, the same weight of air heated to the same degree, and 
used in cylinders of identical capacity, there is a considerable 
difierence in the results possible even under the purely theoretic 
conditions stated. 

The relative work obtained from 1 cubic foot of air heated to 
the assumed temperature is shown below. 

RncLTS from Enqikes of bqlal voLtmK swept by Motob-Pistoh. 

Typel. 5,731 foot-lbs. vork obtained . . 021 duly. 

„ 2. 11,759 „ „ „ . . 03« „ 

„ 3. 11,090 „ 0-45 „ 
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That is, in an engine of type 1, if 100 heat-units be used, 
21 units will be converted into mechanical work. In type 2, 
with the same amount of heat, 36 units will be given as work, 
and in type 3 no less than 45 units would be converted into 
work. 

The great advantage of compression over no compression is 
clearly seen, by the simple operation of compressing before heating ; 
the last type of engine gives for the same expenditure of heat 
2 • 1 times as much work as the first. Compression, as used by the 
second type, does not afford so favourable a result; but even then 
the advantage is apparent, 1*6 time the effect being produced. 
By a greater degree of compression before heating even better 
results are possible. In an engine of type 3 expanding to the 
same volume after ignition as before compression, the possible 
duty D is determined by the atmospheric absolute temperature 
T', and the absolute temperature after compression T ; it is 

T - T' 

D = — - — whatever may be the maximum temperature after 

ignition. Increasing the temperature of ignition increases the 
power of the engine, but does not cause the conversion of a 
greater proportion of heat into work. With any given maximum 
temperature the smaller the difference between that temperature 
and the temperature of compression, the greater is the proportion 
of added heat converted into work with any given amount of 
expansion. The greater the compression before ignition, the 
more closely the two temperatures come together, and the higher 
is the duty of the engine; neglecting in the meantime the 
practical conditions of loss. What compression does is to enable 
a great fall of temperature to be obtained due to work done with 
but a small movement of the piston. In type 1 when the piston 
has reached the end of its stroke, the increase from the moment of 
ignition is only from one volume to two volumes, while in type 3 
with the same total volume swept by the piston, it increases from 
one volume to five volumes. In the one case the ratio of expansion 
is two, while in the other it is five. This will be readily seen in 
Figs. 2 and 4. Now this increased expansion is not obtained at 
the cost of loss of average pressure ; in type 1 the mean available 
pressure over the whole stroke is nearly 20 lbs. per square inch, 
while in type 3 it is 38 • 5 lbs. per square inch ; that is, the 
compression-engine for equal size and piston speed has nearly 
twice the power of the other. 

In the compression-engine with a maximum temperature of 
1,537° Centigrade, the final temperature is 648° Centigrade, while 

c 2 
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in the other, with the same maximum temperature, the final 
temperature is 1,089° Centigrade. It is true that by expanding 
sufficiently the same final temperature can be obtained -without 
compression, but the average pressure will be low, and conse- 
quently less available for the production of power. To produce 
anything like an expansion of five times without compression the 
pressure would fall below the atmosphere, and it would be neces- 
sary to expand into a partial vacuum, and use a condenser and 
vacuum-pump, as is done in the steam-engine. Compression 
makes it possible to obtain from heated air a great amount of 
work with but a small movement of piston, the smaller volume 
giving greater pressures, and thus rendering the power developed 
more mechanically available. The higher the maximum temper- 
ature the greater the amount of compression which can be used 
advantageously. There is a degree of compression for every 
temperature, beyond which any increase causes a diminution of 
the power of the engine for a given size. 

The compression in the Author's engine is 40 lbs. per square 
inch above the atmosphere, and he has accordingly confined him- 
self to the comparison of engines employing this amount of com- 
pression with those using no compression. Now, seeing that this 
difference is produced between engines of types 1 and 3 by the 
simple difference of cycle, when there is no loss of heat through 
the sides of the cylinder, the question arises which engine w^ould 
give the greatest effect, which engine in actual practice, with a 
cylinder kept cold by water, would come nearest to theory ? In 
which of the engines would there be the smaller loss of heat ? 

The amount of heat lost by a gas in contact with its enclosing 
cold surfaces depends, first, on the difference in temperature 
between the gas and the cooling surfaces ; secondly, on the extent 
of surface exposed; and, thirdly, on the time of exposure. It 
would be very difficult to make an accurate numerical comparison 
between the engines, but all to be shown is, that in the one the 
loss of heat must be less than in the other. 

To compare the two engines, take equal movements of the pistons 
from a maximum temperature of 1,637° Centigrade. In the engine 
working without compression this temperature is. attained at the 
middle of its stroke, when the piston has moved through 1 cubic 
foot; the average temperature, while it moves to the end of its 
stroke, is about 1,300° Centigrade. 

Now, in the compression-engine the maximum temperature is 
attained at a point when the piston has moved through * 39 cubic 
foot : suppose it to move to 1 • 39 cubic foot, it has moved through 
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1 foot in tlie same time as the first engine. Then, as the tempera- 
ture at the middle of the stroke is 953° (Fig. 4) it follows that 
the average during this movement is not higher than 1,000° Centi- 
grade, but the space containing the heated air has increased from 
0*39 cubic foot to 1*39 cubic foot, and with it the cooling surface ; 
whereas the space containing heated air in the first engine has, 
during the same amount of movement, increased from 1 cubic foot 
to 2 cubic feet. It follows that as the temperature in the com- 
pression-engine is 1,000° Centigrade during the same time as the 
temperature in the first engine is 1,300° Centigrade, and as the 
surface in it for cooling is also less, the amount of heat lost by 
the air must be less in the portion of the stroke under consider- 
ation. During the portion of the stroke remaining, 0*61 cubic 
foot, the temperature of the heated air is low, falling to 648° 
Centigrade at the end of the stroke ; it follows that very small 
comparative loss results. Altogether the loss of heat by the com- 
pression-engine will be the least. 

It will be seen from Fig. 1 that there is a further cause of 
advantage. While the pressure and temperature are falling on 
adiabatic line 1, the work done by 1 cubic foot of air on expanding 
to the middle of the stroke at a temperature of 953° Centigrade is 
7,888 foot-pounds, from 953° Centigrade to 648° is 3,202 foot-pounds, 
that is, 7,888 foot-pounds of work are performed by the engine 
during a movement of the piston equal to • 61, while in the engine 
without compression a movement of 1*00 cubic foot only does 
6,731 foot-pounds. 

The compression-engine during this, portion of its stroke has 
converted the heat entrusted to it into work at twice the rate of 
the other engine. This is a great point. Any method which 
converts the heat into work with the utmost possible rapidity, 
by reducing the time of contact between the hot gases and the 
cylinder, saves heat and enables the theory of the engine to be 
more nearly realised. 

Taking all circumstances into consideration, it is certainly not 
over-estimating the relative advantage of the compression-engine 
to say that it will, under practical conditions, give, for a certain 
amount of heat, three times the work it is possible to get from 
the engine using no compression. 

It will not be necessary to discuss the theory of type 2 in 
respect of loss of heat to the sides of the cylinder, as it is not much 
used, and has hitherto failed to yield results in any way equal to 
type 3. It will be seen, however, from Fig. 3, that the conditions 
are not so favourable for a minimum loss of heat as in type 3. 
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llio toiaperaturo from the moment of admission at c, to the point 
of ont-off at 0, is kept constant at 1,537° Centigrade, so that the 
loss of hoat n^ust be great, both the surface exposed and the 
moan temperature being high. It is the less necessary to discuss 
tluH point in the slow-combustion engine, as the possibility of 
using a hot cylinder and piston reduces the loss by attaining a 
temperature not far removed from the entering air. 

It will be interesting to calculate the amounts of gas required 
by tlieso three types under the supposed conditions, and for this 
purpose an analysis of Manchester gas, and also of London gas, 
has been used as the basis of calculation. 

Analysis of Mancuestbb Coal gas. By Bunsen and Bosooe.* 

Hydrog6u 45*58 

Mtvrsh-gaa 34*90 

Carbonio oxide 6*64 

Oleflant g}i8 or ethylene . . . .4*08 

Tetrylene 2*38 

Sulplmretted Hydrogen . . 0*29 

Nitrogen 2*46 

Carbonic acid 3*67 

100*00 volumes. 



Of this gas, 1 lb. at atmospheric pressure and 17° Centigrade 

measures 30 cubic feet, and evolves on complete combustion 10,900 

heat-units Centigrade, equivalent to 15,146,640 foot-lbs. 1 cubic 

foot of this gas will therefore evolve on complete combustion heat 

15 146 640 

equivalent to — --^ = 504,888 foot-lbs. 

oO 

To obtain an idea of the difference in heating-power of the 
different gases, there is given here a recent analysis of London 
gas. 

Analysis of London Coal Gas. 

(A.) (B.) 

Hydrogen 50 05 51*24 

Marsh gas 32*87 35*28 

Carbonic oxide 12*89 7*40 

Oleflnee 3*87 3*56 

Nitrogen — 2*24 

Carbonio acid 0*32 0*38 

Taking the average of the two analyses, 1 lb. weight of this gas 
at atmospheric pressure and 17° Centigrade, measures 35*5 cubic 
feet, and evolves on complete combustion 12,500 heat-units Centi- 
grade, equivalent to 17,370,000 foot-lbs., 1 cubic foot of this gas 



» " A Dictionary of ^ y.*' By Henry Watts, vol. i., p. 1036. 
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will therefore evolve, on complete combustion, heat equivalent to 

17,370,000 ,«^^,^^ ^„ 
— -^^ — = 489,268 foot-lbs. 

The difference between the heat evolved by these gases is but 

small. As Glasgow coal gas is of a high illuminating power, it 

will be richer in defines, and the heat evolved per cubic foot will 

be somewhat greater. Taking 605,000 foot-lbs. as the amount of 

heat evolved by 1 cubic foot of coal gas, the result is probably 

very near the average to be obtained from the coal gas of most 

towns. The number of foot-lbs. required for 1 HP. for one hour 

are 33,000 X 60 = 1,980,000. It therefore follows that if the 

whole heat to be obtained from gas were converted into mechanical 

, . -rrr^ ^ , . 1,980,000 « ^^ , . i. , 

work, 1 HP. for one hour requires ^, ^ . - , = 3*92 cubic feet. 

505,000 

Now, taking the three types of engines, the amount of gas 

required by each to give 1 IHP. per hour would be as follows : — 

Amount of Gas bequibed by the thbee Types of Engine. 

3*92 
Type 1. -qTot- = 18*3 cubic feet per HP. per hour. 

3-92 

0-36 
^92 

0-45' 



» 2. 0*36 "" " *' ** *' 

a ^'^ - 8-6 



If these engines be worked without loss of heat through the 
sides of the cylinders, but the expanding gases falling in tempera- 
ture only through doing work, the above results would be obtained. 

It is interesting to compare the Consumption of gas by the 
engines in actual practice, to see in what order it stands. Eesults 
have not been obtained from engines of equal volume swept 
through by the piston, but it is at once seen that the order is 
in accordance with what is required by theory. 

Amount of Gas consumed by the three Types of Engine mrHEBTO in pbactioe. 

1. Lenoir ... 95 cubic feet per indicated HP. per hour. 
Hugon ... 85 ,1 „ „ „ 

2. Brayton . . . 50 „ „ „ „ 

3. Otto ... 21 ») ») »> • >» 

For the Lenoir and Hugon engines the results of experiments 
by Mr. Tresca, of Paris, have been taken, as stated by Professor 
Thurston and the late Professor Kankine. 

For the Brayton engine has been taken the result obtained by 
Professor Thurston, corrected for an error into which he has fallen. 
He states the consumption of the engine to be 32 cubic feet per 
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IHP. per hour, and then goes on to my th&t on the bnks 
4 HP. is obtained, while 8 ' 6 la indicated. He lias neglected to 
deduct from the grosB indicated power in the cylinder, the pnmp- 
reeistance, and thus calculates the oonsumptitm on the grosB indi- 
cated, instead of on the available indicated power. The aTslIaUa 
indicated power is not more than b-2 HP., and the ocouRuaption 
is not less than 50 cubic feet per IHP. per honr. 

For the " Otto " engine have been taken the figures given bj 
Mr. F. W. CroBsley. It is seen that the resulte are mugh tAii 
would be anticipated from the theory already developed. The 
difference between types 1 and 3 is greater than theory wduM 
indicate; but at the time the Lenoir engine was in nse, tlu 
imperfection of the igniting arrangements and the rapid heatiiig 
of the piston, and consequently of the entering gases, made iti 
action divei^e much more widely from theory than is the esse 
with the "Otto." The latter engine not only has the advantage 
of a better theoretical cycle, hut the arrangements are of a 
nature to secure a greater perfection of action, and consequently 
a still closer approach to theory. An amount of about 18 per 
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cent, of the heat used by it is converted into work, but only 
^ 3*9 per cent, by the Hugon engine. 

' In types 1, 2 and 3, which have been discussed, it has been 
' assumed that in each case the expansion doing work was carried 
to twice the volume of the air before compressing. 

Fig. 6 is a diagram from one of .the Author's engines which 
belongs to type 3.. It will be observed that in this engine the 
expansion is only continued until the volume of the hot gases 
becomes equal to the volume before compression. 

Taking the amount of work to be obtained from a cubic foot of 
air compressed to 40 lbs. above the atmosphere, and then heated to 
1537° Centigrade, expanding as the piston moves to its volume 
before compression, and then exhausting, it will be found to give 
the following results : — 

1 cubio foot of air (17^ Centigrade and 760 milli-. 

metres mercury) at constant volume requires to 

heat it from the temperature of compression , 24,416 foot-lbs. 

150° -5 Centigrade to 1,537° Centigrade, heat 

equivalent to 

Maximum pressure in lbs. per square mch abovei 

atmosphere / ^^^ ^bs. 

Pressure at end of stroke in lbs. per square inch . 49 „ 

Mean pressure during available part of stroke above| ^^ , ^ 

atmosphere / 

Temperature at the end of the stroke . ... 953° Centigrade. 

Work done on the piston 7,888 foot-lbs. 

Now the work actually given by 1 cubic foot of combustible 
mixture in the Author's engine, as will be seen from Fig. 6, 
is 6,851 foot-lbs. The full lines are the diagram-lines from the 
engine ; the dotted lines are the lines of compression and expan- 
sion without loss or gain of heat, except by work done on or by 
the air under similar conditions of temperature and compression. 
It will be observed that the compression-line and the dotted 
line are very close together ; no heat seems to be lost to the sides 
of the cylinder during compression ; the loss of heat to the water- 
jacket is balanced by the gain of heat from the piston, which must 
necessarily be much hotter than the cylinder-sides, as it only 
loses heat by contact with the cylinder and by the circulation 
of air in the trunk. The temperature attained at the comnikence- 
ment of the stroke is in both cases identical, 1,637° Centigrade ; 
the temperature at the end of the stroke without loss of heat is 
953° ; the temperature in the cylinder at the end of the stroke is 
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656° Centigrade. This appears a very small loss of heat from a 
flame filling the cylinder, considering the surface exposed and the 
great difference of temperature between the ignited gases and the 
enclosing walls. Is it to be concluded, then, that the loss of heat 
to the cylinder during the time of the forward stroke is only 
9530 - 656° = 297° Centigrade. On this assumption the duty of 
the engine would be— 

-^1?^ = 0-286, 
24,416 • 

and the consumption of gas per indicated HP. per hour would be — 

3-92 



0-286 



= 13'7 cubic feet, 



but the consumption is 22 cubic feet per indicated HP. per hour, 
80 that there has in some way been lost much more heat than is to 
be accounted for by the temperatures as determined by the dia- 
gram. The duty of the engine is — 

3*92 

The duty of the engine expanding to the same volume as the 
mixed gases before compression is — 

Gas required 
per I.HP per Hour. 

CaUcFeet. 
Duty withont I068 of heat to sides of cylinder . 0-323 12*1 
Duty with loss of heat as shown by diagram . 0*286 13*7 
Duty as determined by experiment .... 0*178 22*0 . 

Now the number of cubic feet of combustible mixture required 
to produce 1 HP. for one hour in the Author's engine is — 

1,980,000 ^^^ 

-^ = 289. 

6,861 

22 
The amount of gas in the engine per cubic foot of mixture, — - 

= 0*0761 cubic foot, or — of the total volume of gaseous mixture 

1.0 

passed into the engine. If only the amount of gas necessary to 

heat the air to the required temperature is present, 1 cubic foot 

requires • 0482 cubic foot of coal gas, or about — of its volume ; 
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that is, although to heat up a cubic foot of inflammable mixture 
from 150° Centigrade to 1,537° only 0*0482 cubic foot of coal gas 
is required, yet although there is present 0-0761 cubic foot, or 
1-58 time the amount necessary, the temperature does not rise 
any higher. Why is this ? 

Before going into the question, it is better to determine as nearly 
as possible what becomes of 100 heat-units used by the engine. 
The exha\ist being discharged at a temperature of 656°, and the 
temperature of the air before compression being assumed at 17°, it 
follows that the exhaust from 1 cubic foot carries away with it 
(656 - 17) X 17-61 = 11,253 foot-lbs. 

The work done by the cubic foot of mixture is 6,851 foot-lbs., and 
the equivalent in foot-lbs. of the gas present in 1 cubic foot of 
explosive mixture is 0-0761 x 505,000 = 38,430 foot-lbs. The 
heat is therefore disposed of as follows : — 

Foot-lbs. Heat-units per cent. 
Work done by 1 cubic foot of mixture. . . . 6,851 17*83 

Mechanical equivalent of heat discharged with) ^■. orq 29*28 

the exhaust / * 

Mechanical equivalent of heat passing through! on 326 52*89 

sides of cylinder J * 



38.430 100*00 



This investigation is only approximate. The determination, 
with anything like possible physical accuracy, would require an 
examination of many points involving months of continuous 
w^ork. It is the Author's intention to make an accurate research 
into the phenomenon attending the use of the gas-engine, for 
the purpose of obtaining the physical constants necessary to 
calculate exactly the consumption of any power, size, and theory 
of gas-engine, such as it may be possible to construct in the 
future. For the present, however, it is only necessary to discuss 
the principles in such a manner as to clearly show where original 
research is required. More than one-half of the total heat given 
to the engine passes through the sides of the cylinder and is lost. 
How is this enormous loss of heat sustained, while only a com- 
paratively small fall of temperature takes place below the 
adiabatic curve ? 

This leads back to the question of what becomes of the gas 
present in excess of the amount necessary to raise the temperature to 
1,537° which has already been noticed. At this point it is 
necessary to consider the gas-engine as something different from a 
hot-air engine. 
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The chemical phenomena attending combustion now require con- 
sideration. If 2 volumes of hydrogen be mixed with 1 volume of 
oxygen (the proportions necessary for complete combination of both 
gases to form water), and be ignited in a closed vessel in such a 
manner that the maximum pressure may be measured, it will be 
found that the pressure is a much lower one than would be ex- 
pected if the complete combination of the two gases took place at 
once, and the whole heat due to this combination were developed. 
That this is not due to loss of heat to the sides of the vessel has 
been shown by Btinsen.^ He proved that the rate of rise in 
pressure is exceedingly rapid compared to the rate of fall of 
pressure. The time taken for the inflammation of the whole 
volume of mixture is the time of attainment of the maximum 
pressure. In his experiments, he used only a very small tube, 
which contained a volume of gaseous mixture, 8*15 centimetres 
long, by 1 • 7 centimetre in diameter, and the entire length of this 
column was traversed by the electric spark, in order that the 
inflammation of the whole mass in the tube might be as nearly in- 
stantaneous as possible. In practice he succeeded in producing a 
maximum temperature in so short a time as ^—^ part of a second. 
By examining the light from the explosion through a revolving disk 
provided with radiating segments, the rate of revolution of the 
disk being known, he determined the duration of light within the 
tube, and therefore the duration of a temperature not far removed 
from the maximum. 

The duration of the illumination was found to be ^V ^^ ^ second. 
A maximum pressure, obtained in so short a time, with a duration 
so relatively long, makes it impossible that loss of heat through 
the sides of his tube could have affected his experiments. The 
cause, therefore, of the pressure falling so far short of what it 
would be if the combination took place completely, is simply this, 
that the temperature is so high that complete combustion is 
impossible. The temperature, and therefore the pressure produced 
by the combination of any gases, is limited by the dissociation or 
decomposition of their products of combustion. 

When any two gases combine, say (H) and (0) to produce 
water, what happens is this. The temperature rises till a point is 
reached, when any further rise would decompose the water which 
is already formed ; and if the gases are kept at this temperature, 
no further combination will take place. If the temperature is 



* " On the Temperature of the Flames of Carbonic Oxide and Hydrogen." By 
B. Bunsen, Philodophicul Magazine, 1867, vol. xxxiv., p. 489. 
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lowered, further combination takes place until it is low enough to 
allow of the existence of steam without decomposition. 

The temperature at which steam can exist as steam without 
its partial resolution into hydrogen and oxygen gases is not a 
high one. At 960° to 1,000° Centigrade Deville has proved that 
it commences to decompose, and at 1,200° Centigrade, consider- 
able decomposition takes place, the amount of decomposition 
increasing as the temperature rises: for each temperature there 
is a proportion of steam to free gases, which is constant, and 
does not change till the temperature changes. The same law 
holds true for carbon dioxide ; at high temperatures it decomposes 
into carbonic oxide and free oxygen. 

Bunsen attempted to determine the temperature attained on the 
explosion of a mixture of hydrogen and oxygen, a pure electrolytic 
mixture. He found that the maximum pressure attained by such 
a mixture is 10 atmospheres, the temperature before ignition being 
5° Centigrade. From this he calculated the temperature produced, 
but in doing so, as Berthelot ^ afterwards pointed out, he neglected 
the fact that when these gases combine, 3 volumes of the gases 
form 2 volumes of steam-gas, and consequently if complete com- 
bination is assumed, and it be supposed that the pressure is 
produced by steam only, the volume, before ignition, must be 
calculated at two-thirds of that taken by the mixed gases. But 
as it is known that combination is incomplete, at the lowest assign- 
able temperature of the combustion, and it is not possible to tell 
the amount of combination at a given pressure without knowing 
the temperature, this cannot be assumed. 

As in determining temperature by an air-thermometer it is 
necessary that the amount of air in the thermometer should bo 
constant at the different temperatures, it is evident that the tem- 
perature of an explosion cannot be known from the increase in 
pressure unless the chemical changes taking place do not alter 
the volume of gases under observation. 

In calculating the temperatures attained in the Author's engine, 
this fact has been kept in view. The capacity of the space at the 
end of the cylinder was carefully taken by filling with water and 
weighing the water. As the proportion of the combining gases to the 
excess of oxygen or free nitrogen is very small, only one-thirteenth 
of the whole volume used being combustible gas, the space may 
be considered as simply filled with heated air, and the contraction 



' Gomptes Bendus des Seances de rAcademie des Sciences, vol. Ixxxiv. (1877), 
p. 407. 
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caused by the formation of H2O and CO2 neglected, especially as an 
increase in volume follows the combination of the defines with 
oxygen. 2 volumes of H combine with 1 volume of O, forming 
2 volumes of steam. 2 volumes of marsh-gas (CH4) require for 
complete combustion 4 volumes of 0, and form 4 volumes of H3O 
and 2 volumes of COj. 2 volumes of carbonic oxide (CO) unite 
with 1 volume of O, forming 2 volumes of COg. If the defines in 
coal-gas be taken as of an average composition of CgHg, then 
2 volumes require for complete combustion 9 volumes of oxygen, 
forming 6 volumes of HjO and 6 volumes of COg. 

Now taking the composition of coal gas as below the noted 
amounts of oxygen are required for combustion, and the given 
volumes of the products are formed — 

H = 60 vols, requires 25 vols. O = 50 vols. HjO produced. 
CH4 = 33 „ „ 66 „ = 99 „ CO4 & H2O „ 

CO = 13 „ „ 6 -5,, = 13 „ CO2 

C3He= 4 „ „ 18 „ = 24 „ COa&H^O „ 

100 + 115*5 = 225-5 gives 186 vols. 

The amount of contraction due to complete combustion of this 
coal-gas is small even when burning with pure oxygen, 225 
volumes of the mixed gases becoming 186 volumes after combus- 
tion. When diluted with nitrogen the proportion of contraction 
is less and introduces no serious error. With a mixture of 1 
volume of gas to 12 volumes of air, 125 volumes of the mixture * 
before combination become 122 volumes when completely com- 
bined, at the original temperature, assuming the water to remain 
gaseous. If the curve of the dissociation of water and carbonic 
dioxide were known, it would be possible to show on the indicator 
diagram the reserve of heat available at each point of the fall. 

What the engineer requires of the scientific chemist is a 
curve of the dissociation of water and carbonic acid, at tempera- 
tures ranging from the maximum produced by combustion down 
to the point at which it may be safely assumed that complete 
combination is possible. 

In Fig. 6 the dotted line shows a fall of temperature, by hot 
air doing work without loss of heat through the cylinder, and 
the black line shows the actual fall of temperature in the Author's 
engine, with loss of heat through the sides of the cylinder. It 
is evident then that the cause of so near an apparent approach to 
theory is, that at the maximum temperature, complete combination 
of gases with oxygen is impossible, and cannot take place until 
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the temperature falls. As the temperature falls the gases further 
combinej until a temperature is reached at which combination is 
complete. 

The loss of heat through the sides of the cylinder is therefore 
much greater than would appear from the diagram. In calculat- 
ing the efficiency of the gas-engine, all previous observers have 
assumed that the loss of heat to the cylinder is to be obtained from 
the comparison on the indicator diagram of the actual expansion- 
line with an adiabatic line from the same maximum temperature 
and pressure. So far as the Author is aware, Professor Rucker, of 
Leeds, was the first to point out the necessity of taking into 
account the phenomena of dissociation in making such comparisons. 
Accordingly, all previous ' estimates of efficiency, based on the 
indicator diagram, are much too high. 

The gas-engine, then, differs from the hot-air engine, using air 
heated in the manner assumed in the first part of this Paper, in 
this, that the temperature is sustained, notwithstanding the 
enormous flow of heat through the sides of the cylinder, by the 
continuous combination of the dissociated gases. 

Figs. 7 and 8, have been taken from the "Journal of the 
Franklin Institute." ^ They are Lenoir engine diagrams, and in 

Fig. 7. 




Lenoib Engine. 

Diagram at 50 Revolutions, cylinder ^ inches diameter, 16i inches stroke. 

Fig. 8. 




Lenoir Engine. 

Diagram at 45 Revolutions, 1 inch - 32 lbs. 



1 V 



Vol. Ixxxi. (1866), p. 175. « The Lenoir Gas Engine." By Fred. I. Slade. 
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them the same phenomena are apparent; although running at 
a very low speed, the pressure is most perfectly sustained, the 
dotted lines showing the adiabatic, and the full lines the actual 
diagram. The Anthor of the Paper in which they occor, giyes 
the probable maximum temperature attained at about 1,356° 
Centigrade, and he says, "The dotted line represents the theo- 
retical curve of expansion, taking into account the loss of heat and 
consequent fall of pressure, due to the work done ('which is the 
proper theoretical curve for an indicated diagram). The temper- 
ature at the end of the stroke, indicated by this line, would 
be 2,166° Fahrenheit (1,180° Centigrade). The final temper- 
ature shown by the diagram, supposing there be no leakage, is 
1,438° Fahrenheit (781° Centigrade), and the difference 718° 
Fahrenheit (399° Centigrade), is the quantity of heat absorbed by 
the water-jacket by which the cylinder is surrounded." 

" It will be observed that the explosion takes place so late in the 
stroke that there is a considerable available pressure at the end of 
the stroke, which of course is not utilised." 

Now if the Lenoir engine had only lost this amount of heat 
through the sides of the cylinder it would have been very econo- 
mical, and would have approached the theoretic consumptiaii 
mentioned in the earlier part of this Paper; but the causes of 
loss are so great that it never did come anything near this figure, 
and an error is introdued through neglecting the effects of 
dissociation. 

Interesting information, however, is to be obtained from these 
diagrams as to the proportion of gas and air in the mixture used 
by the Lenoir engine. When these diagrams were taken the 
maximum temperature after ignition was 1,356° Centigrade; now 
in the Author's present engine the maximum temperature is 
1,537°; it follows that Lenoir used a more diluted mixture as the 
temperature after ignition was lower. The engine giving this 
diagram could not have been using an ignitable mixture containing 
more gas than one-fourteenth of its volume — a mixture which 
the Author finds to be easily ignited at ordinary atmospheric 
pressure. The statement is often made that such a mixture will 
not explode except it be first compressed; this is incorrect, it 
18 possible to ignite even a weaker mixture without com- 
pression. Coquillon^ has determined the limits between which a 
mixture of marsh-gas (CH^) and air can be exploded. Mixtures 



* Journal of the Chemical Society, vol. 1., 1877, p. 166 ; and Comptes Rendns 
de r Academic dcs Sciences, 1876, vol. xzziii., p. 709. 
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£ , of marsh-gas and air in diflferent proportions were introduced into 
J, a eudiometer and fired by the electric spark, with the following 
, results : — 

. Marsh-gas 1 volume, air 5 volumes. The spark is without effect. 
Marsh-gas 1 volume, air 6 volumes. Explosion only occurs in a 
, succession of shocks. This is the first limit of possible explosion ; 
J the marsh-gas is in excess. Marsh-gas 1 volume and 7, 8 and 9 
j volumes of air gave a sharp explosion. With 12, 13, 14, 15 volumes 
P of air for 1 volume of marsh-gas the explosion occurs, but grows 
J gradually weaker. With 16 volumes of air the effect is reduced to 
J a series of slight intermittent commotions. This is the second 
, limit ; the air is in excess. 

In Fig. 8, ignitions will be observed very late in the stroke ; 
these misses were caused by the points between which the 
•electric spark is discharged getting wet and thus preventing 
the passage of the spark at the proper time. From these 
diagrams, the time, from the beginning of rise in pressure 
to the attainment of maximum pressure, is found to be from 
one twenty-seventh to one-thirtieth of a second ; when the igni- 
tions are late it takes longer, one-twentieth of a second being 
required ; that is, the flame has spread completely through the mass 
in one-twentieth part of a second. 

Now in the Author's engine, calculating from the moment when 
the ignition port is opening to the flame, to the moment of maximum 
pressure as found from the diagrams, it has been ascertained that 
the time occupied is an average of one twenty-fifth of a second, 
a time nearly identical with that found for the Lenoir engine. 

If it be admitted that the flame has spread completely through the 
mass when the maximum pressure is attained in the Lenoir engine, 
it cannot be supposed that it has not spread in like manner 
throughout the mass of ignitable mixture in the modem compres- 
sion engine. Maximum pressure is the only outward indication 
of complete inflammation ; by complete inflammation is not meant 
the thorough chemical combination of the active gases present, but 
the spread of the flame through the entire mass. That when 
maximum pressure has been reached complete inflammation has 
also been attained has hitherto been considered self-evident. It is 
only lately that the theory has been advanced by Mr. Otto that in 
the modem compression-engine attaining maximum pressure at 
the beginning of the stroke, the flame has not spread throughout 
the mass of the ignitable mixture in the cylinder ; but that as the 
piston moves forward the pressure is sustained by the gradual 
spread of the flame. This supposed phenomenon has been erro- 

[tHE mST. C.E. VOL. LXIX.] D 
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neously called slow combustion ; if it has any existence it should be 
called slow inflammation. It has a real existence in the Otto 
engine only when it is working badly ; but even then maximum 
temperature is attained, and very distinctly marks the point of 
completed inflammation. 

The time taken to attain maximum pressure is longer in a large 
engine than in a small one. because the distance through which 
the flame has to travel is greater. During the investigation already 
referred to, Professor Bunsen determined the celerity of the propa- 
gation of ignition through a pure explosive mixture of hydrogen 
and oxygen' in the following manner : the explosive mixture was 
allowed to burn from a fine orifice of known diameter, and the 
current of the rate of the gaseous mixture was carefully regulated 
by diminishing the pressure, to the point at which the flame passed 
back through the orifice and ignited the gases below it. This 
passing back of the flame occurs when the velocity with which the 
gaseous mixture issues from the orifice is inappreciably less than 
the velocity with which the inflammation of the upper layers of 
burning gas is propagated to the lower and unignited layers. 

The rate of the propagation of the ignition in pure hydrogen 
was found to be 34 metres per second. In a maximum explosive 
mixture of carbonic oxide and oxygen it was not quite 1 metre per 
second. 

Mr. Mallard ^ has determined the rapidity of the propagation of 
inflammation through mixtures of coal-gas and air by this method, 
and found that the maximum rate of propagation was attained with 
a mixture of 1 volume of coal-gas with 5 volumes of air, and it is 
I'Ol metre per second. One volume of coal-gas with 6^ volumes 
of air gave a rate of 0*285 metre, or 11 inches per second. 

This is tlic rate of ignition, it must be remembered, at constant 
presHure ; in a chased tube fired at one end it would ignite with 
much greater rai>idity. In a closed space the conditions of inflam- 
mation are quite diftereiit. The ignited portion instantly expands, 
compressing the portion still remaining, and thus carries the flame 
further into tlie mass, S(j that to the rate of ignition at constant 
pressure is added the projection of the flame into the mass by 
its expansion. I'o detcririino from the rate of ignition at constant 
prcKKure tlie time iieccKKary to completely inflame a given volume 
of mixture at constant vohmie is a very complicated problem, 
whi(th it is probabh^ can only l)o solved experimentally. 



' Journal of the Clu-inical Socirty, 1877, vol. i., p. 632; Thorpe on "The 
Theory of th«* BunHcn Lamp.'' 
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The Author has found it possible to ignite a whole mass in any 
given time between the limits of one-tenth and one-hundredth part 
of a second, by so arranging the plan of ignition that a small volume 
of gaseous mixture is first ignited, expanding and projecting a flame 
through a passage into the mass of inflammable mixture, and thus 
adding to the rate of ignition the mechanical disturbance pro- 
duced by the entering flame. He has succeeded by this means 
in producing maximum pressure in one-hundredth part of a second 
in a space containing 200 cubic inches. This rate of ignition is 
too rapid, and would not give the engine time to take up the 
slack in bearings, connecting-rods, &c. But by firing a mixture 
with varying amounts of mechanical disturbance almost any time 
of ignition can be obtained between ^wu ^^^ tV ^^ * second. It 
does not matter whether the mixture used is rich or weak in gas ; 
the rich mixture can be fired slowly and the weak one rapidly, just 
as may be required. The rate of ignition of the strongest possible 
mixture is so slow that the time of attaining complete inflammation 
depends on the amount of mechanical disturbance permitted. 

Fig. 9, a diagram from an Otto engine, shows what happens in a 
compression-engine of type 3 when the ignition comes late and the 

Fig. 9. 




Compression Gas-Enoine. 

movement of the piston overruns the rate of the spread of the flame. 
It is then seen that the maximum pressure is not attained ufntil far 
on in the stroke, and as a consequence great loss of power results, the 
pressure attaining its maximum when it is time for the exhaust- 
valve to open. This may happen from several causes, a too diluted 
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mixture, or too little mechanical disturbance by the entering flame ; 
or the ignition may be missed until the pressure begins to 
fall by the forward movement on the piston, when the rate of 
inflammation begins to come more nearly to Mallard's number 
of 11 inches per second. This slow combustion, or rather slow 
inflammation, is to be avoided in the gas-engine. Every effort 
should be made to secure complete inflammation as soon after 
ignition as is practicable. The lines in the diagram show this 
very clearly ; the normal lines are those in which the rise is 
almost straight up from the point of the beginning of the ignition ; 
they are marked a and h ; the line c, although commencing from 
the beginning of the stroke, does not record the maximum pressure 
till the piston has moved forward one-third of its stroke, while 
the Hne d does not depart from the compression line until one- 
tenth of the forward movement, and does not attain its maximum 
till near the end of the stroke. In the last case the ignition 
has been missed until the piston is in rapid motion, and conse- 
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Brayton Petroleum-Engine (Motor-Cylinder). 
Area of piston, 50*26 inches. Stroke, 12 inches. Mean Pressare, 30*2 lbs. 

quently the flame is at first unable to overtake it. The rate of 
inflammation at constant pressure has been determined only for 
atmospheric pressure ; were it known for higher pressures it would 
be possible to calculate exactly the piston speed which would 
prevent any rise in pressure at all. 

Fig. 10 was taken by the Author from the motor-cylinder of an 
American Brayton engine of type 2. It shows how the pressare 
is sustained as the ignited gases enter the motor-cylinder in 
flame. This is the true slow-inflammation engine; in it the 
pressure after ignition is not allowed to rise, but only increase of 
volume takes i)laco ; at about the middle of the stroke the supply 
of flame is cut off and the piston moves on, and the heated gases 
expand doing work. 

Fig. 1 1 is the compression-pump diagram, which must be deducted 
before getting the available indicated power. The motor-piston was 
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of the same area as the pump, but had double the length of stroke. 
This type of engine is not a good one for a cold cylinder, the loss of 
heat through the cylinder being much more than in type 3 ; but, as 
it has been before said, the possibility of using the theory in the 
future with a hot piston and cylinder renders reference to this 
engine interesting. Slow inflammation is a mistake if applied to 
engines of types 1 and 3 with cold cylinders; in type 1, if the 
piston were moving rapidly enough, the inflammation could be so 
slow that with a perfectly sustained temperature no power at all 
could be obtained. That is, the air would simply expand in 
volume without rising in pressure above the atmosphere, and even 
without loss of heat to the sides of the cylinder the whole heat 
would be uselessly discharged. In type 3 the perfection of slow 
combustion would be attained when the flame spread just as 
rapidly as the piston moves forward, and the pressure was never 
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raised above that due to compression. The pressure-diagram would 
then give the ideal results of " gradual expansion of gases " and a 
*' perfectly sustained pressure." But this is just the condition of 
greatest loss of heat; sustained pressure means sustained, indeed 
increasing temperature, and the object to be attained in a good 
gas engine is to produce the most rapid possible fall of tempera- 
ture due to work performed, to keep the mean temperature as low 
as possible, and it is only so far as this is successfully done that 
economy is possible. Slow inflammation causes loss of heat and 
power ; rapid inflammation reduces the loss to a minimum while 
attaining the maximum possible power. 

One more engine may be noticed ; its diagram is given aj Fig. 12. 
In action it comes under type 1, but uses a very large amount 
of expansion, and is further complicated by cooling. It is the well- 
known Ottp and Langen engine of the free piston type ; in it gas 



30 



CLERK ON THEORY OF GAS-ENGINE. 



[Minutes of 



and air are taken in for a portion of the stroke at atmospheric 
pressure and then ignited, while the piston remains at rest nntil 
the pressure sets it in motion ; the piston is free to move apart 
from the shaft altogether, and on the up-stroke it does no work. 

From / to a air and gas are taken into the cylinder. At a the 
mixture is ignited and the piston moves to c with considerable 
velocity when the pressure has fallen to the atmosphere. From c 
to e it continues to move with continually diminishing velocity, 
until at e it comes to rest and then returns doing work, the work 
being equal to the diagram d g e added to the weight of the 
piston and rack through the stroke. It will at once be seen that, 

Fig. 12. 
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Otto and Lanoen Engine (Free Piston). 
Percentage of Stroke. 

as the gases only do work on the piston from a to c, and this 
work is absorbed in giving a certain velocity to the piston, and 
from c to e the velocity of the piston is being gradually checked 
by doing work on air, assuming the piston to have no weight, the 
area of the portion of the diagram a ch must be equal to the 
part c e d. 
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It is evident that the lines in the diagram are incorrect ; 
the explosion cannot fall nearly so rapidly as shown; c should 
be much nearer e. The oscillations of the indicator have been so 
great that accuracy is impossible. The fall of the line d g below 
d e is caused by the cooling of the gases on the return stroke. In 
this engine the advantage consists more in the large amount of 
expansion than the .velocity of the forward movement of the 
piston. 

The diagram has been taken from a Paper by Mr. F. W. Crossley ;^ 
Tvith reference to it he says : — 

" The very sudden and extreme rise in pressure at the moment of 
explosion is due simply to the expansion of the gases under the 
temperature of the flame. If this temperature be taken at 
5,000° Fahrenheit, and divided by 520 for the rate of expansion 
from an initial temperature of about 60°, it gives an expansion of 
about 10 times ; and as the gas compound occupied one-eleventh 
of the cylinder at the moment of ignition, if it expands 10 times it 
gives very nearly the stroke actually taken by the piston. The 
5,000° is an assumption only, but seems to be confirmed by the 
amount of expansion which follows it. After the explosion the 
temperature falls almost instantaneously, as shown by the sudden 
drop of pressure in the diagram." 

In the Author's opinion Mr. Crossley has completely misinterpreted 
his diagram. Taking the temperature before ignition as 60° Fahren- 
heit, and the maximum pressure shown on the diagram as 100 lbs. 
absolute, it follows that the maximum temperature is not greater 
than 2,900° Fahrenheit (1,590° Centigrade). It is difficult to see 
how 5,000° Fahrenheit can be assumed. The expansion of the 
gases by the extreme movement of the piston following ignition 
has no necessary relation to the temperature of the explosion; 
but it is determined wholly by the work done on the piston by the 
explosion between the maximum and atmospheric pressures. When- 
ever the gases in the cylinder fall to the pressure of the atmosphere, 
vsrhich happens according to the diagram at about 0*35 of the 
stroke, the piston is doing work on air, and the mean pressure 
below the atmosphere from c to e is the exact measure of the 
work previously done on the piston by the explosion, which has 
been expended in giving the piston velocity. This energy of 
motion is now being expended by compressing the atmosphere. 
Taking into consideration the weight of the piston and friction of 
the rings, rack and clutch^ it is certain that the area of the part 



* Institution of Mechanical Engineers, Proceedings, 1875, p. 191. 
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of the diagram a h c must be considerably greater than c e d; 
in the diagram it appears much less. It should be greater by the 
amount of work expended in giving the piston energy of position, 
and the amount lost by friction on the up stroke. 

As a means of showing the nature of the explosion this diagram 
is misleading ; it is certain that the maximum pressure was less, 
and that the fall of pressure is nothing like so rapid as it there 
appears. Comparing Fig. 12 with Figs. 7 and 8 the difference 
in appearance is so striking that it looks as if in one case the fall 
in pressure was instantaneous and in the other gradual ; this 
would be remarkable, considering that the maximum temperatures 
are very similar. If the lines in Fig. 12 be corrected and drawn 
with the same relation of scale between pressures and stroke, it will 
be found to be very similar in appearance to Figs. 7 and 8, so far 
as rate of fall is concerned. Indeed the advantage claimed for this 
engine is a movement of piston so rapid that its expansion is 
complete before much heat is lost to the sides of the cylinder, 
which is inconsistent with a fall of pressure more rapid than in 
the Lenoir engine. 

To go completely into the points of originality in these engines 
would require a Paper on the " History of the Gas-Engine ;" but it 
may be well to state the name of the first to propose each type : — 

Year. 

Type 1. Explosion acting on piston connected to crank W. L. Wright 1833 

„ „ „ free piston . . Barsanti & Matteucci 1857 

„ 2. Compression after ignition but at constant pressure C.W.Siemens 1860 

„ with increase in volume F. Millon 1861 

„ 3. Compression with increase in pressure F. Millon 1861 

after ignition but at constant volume .... 

So far as the Author has been able to ascertain, these are the 
names of the first to propose distinctly each of the three types of 
gas engine. 

From the considerations advanced in the course of this Paper, it 
will be seen that the cause of the comparative efficiency of the 
modem type of gas-engines over the old Lenoir and Hugon engine is 
to be summed up in one word, " compression." Without compression 
before ignition an engine cannot be produced giving power econo- 
mically and with small bulk. The mixture used may be diluted, 
air may be introduced in front of gas and air, or an elaborate 
system of stratification may be adopted, but without compression 
no good effect will be produced. 

The proportion of gas to air is the same in the modem gas 
engine as was formerly used in the Lenoir, the time taken to 
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ignite the mixture is the same, the only difference is compression. 
The combustion, or rather the rate of inflammation, is indeed 
quicker in the modem engine because the volume of mixture used 
at each stroke is greater, and yet the time taken to completely 
inflame the mixture is no more than in the old type. The cause of 
the sustained pressure shown by the diagrams is not slow inflam- 
mation (or slow combustion as it has been called), but the disso- 
ciation of the products of combustion, and their gradual combination 
as the temperature falls, and combination becomes possible. This 
takes place in any gas-engine, whether using a dilute mixture or 
not, whether using pressure before ignition or not, and indeed it 
takes place to a greater extent in a strong explosive mixture than 
in a weak one. 

The modem gas-engine does not use slow inflammation (or slow 
combustion if the term be preferred), but when working as it is 
intended to do, completely inflames its gaseous mixture under com- 
pression at the beginning of the stroke. By complete inflammation 
is meant complete spread of the flame throughout the mass, not 
complete burning or combustion. If by some fault in the engine 
or igniting arrangement the inflammation is a gradual one, then 
the maximum pressure is attained at the wrong end of the cylinder, 
and great loss pf power results. 

Compression is the great advance on the old system ; the greater 
the compression before ignition the more rapid will be the transfor- 
mation of heat into work by a given movement of the piston after 
ignition, and consequently the less will be the proportional loss of 
heat through the sides of the cylinder. The amount of compression 
is of course limited by the practical consideration of strength of the 
engine and leakage of the piston, but it is certain that compression 
will be carried advantageously to a much greater extent than at 
present. The greatest loss in the gas-engine is that of heat 
through the sides of the cylinder, and this is not astonishing 
when the high temperature of the flame in the cylinder is con- 
sidered. In larger engines using greater compression and greater 
expansion it will be much reduced. As an engine increases in 
size the volume of gaseous mixture used increases as the cube, 
while the surface exposed only increases as the square, so that the 
proportion of volume of gaseous mixture used to surface cooling 
is less the larger the engine becomes. Taking this into con- 
sideration it may be accepted as probable that an engine of about 
60 indicated HP. could be made to work on 12 cubic feet of coal- 
gas per indicated HP. per hour, or a duty of about 32 per cent. 

The gas-engine is as yet in its infancy, and many long years of 
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work are necessary before it can rank with the steam-engine in 
capacity for all manner of uses ; but it can and will be made as 
manageable as the steam-engine in by no means a remote future. 
The time will come when factories, railways, and ships will be 
driven by gas-engines as efficient as any steam-engine, and mud 
more safe and economical of fuel. Gas generators will replace steam 
boilers, and power will not be stored up in enormous reservorre bn 
generated from coal direct as required by the engine. 

The steam-engine converts so small an amount of the heat UBe( 
by it into work that, although it was the glory and honour of th" 
first half of the century, it should be a standing reproach t 
engineers and scientists of the present time having constantl; 
before them the researches of Mayer and Joule. 

The Paper is illustrated by numerous diagrams, from which th 
woodcuts have been engraved. 
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APPENDIX. 
Data used in the Papeb on "The Theory op the Gas-Enginjb.'* 

Specific heat of air at constant volume . . = 0*169; water 1*00 

„ „ „ „ pressure. . = 0*238 

Mechanical equivalent of heat foot-lbs. "i _ ,000. « 

Centigrade / "~ 

Specific heat of air at constant volume in 

foot-lbs. for 1 cubic foot at 17° C. and 

760 ra.m. barometer 

Specific heat of air at constant pressure in j 

foot-lbs. for 1 cubic foot from 17° C. and> 24*8 „ 

760 m.m ) 

Weig^ht of 1 cubic foot of air at 17° C. and'i 

7Wm.m } OO^Slb. 

Burning completely in oxygen, the following substances are taken as evolvin 
tne noted amounts of heat in Centigrade units, per imit weight of substanc 
burned. 

Hydrogen 34,170 

Carbon 8,000 

Carbonic oxide 2,400 

Marsh-gas 13,080 

defiant gas 11,900 
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Discussion. 

Mr. D. Clerk mentioned that Dr. Siemens had worked out the Mr. Clei 
method of compression used in engine type 2 in 1860 in so complete 
a, manner that no advance had since been made on it by any one. 
Dr. Siemens was again working at this type of engine, which, 
from the fact of it using hot-cylinder and regenerator, Mr. Clerk 
"was certain was the best type for the very large gas engines 
to be developed in the future. With respect to the cold-cylinder 
engine, of which alone he had treated in the Paper, he wished again 
i;o insist on this : that the theory which sought to explain the so- 
called sustained pressure on the indicated diagram by the hypo- 
thesis of slow inflammation (erroneously termed slow combustion) 
vras a false one. That when maximum pressure was attained in 
the gas-engine cylinder it was certain that the whole mass was 
completely inflamed, and that no system of stratification producing 
slow inflammation could do good, but was quite opposed to the con- 
ditions of economy. 

Dr. Siemens said that one part of the Paper dealt with matters Dr. Sien 
regarding the mechanical arrangement of gas-engines, and the other 
with a theoretical question, that of the law of combustion. He 
would refer to the theoretical part first, because the Author appeared 
to attach great importance to it, and as Dr. Siemens had from 
time to time given a great amount of consideration to the action of 
negative combustion or dissociation, it might be of some interest to 
the members to see how far his views fell in with those set forth 
by the Author. It was well known that by combustion no un- 
limited degree of temperature could be attained. Thus, in a 
furnace worked at very high temperature the fuel was not com- 
pletely burned when it came in contact with the oxygen of the 
heated or non-heated air. The moment a certain comparatively 
high temperature was reached the carbon refused to take up 
oxygen, or the hydrogen refused to take oxygen, and what had 
been called by Bunsen and, shortly after him, by St. Claire 
Deville, dissociation arose. The point of dissociation was not a 
fixed one ; partial dissociation came into play at a comparatively 
low temperature, and went on increasing at a higher temperature 
in very much the same ratio as vapour density increased with 
temperature. Thus, if aqueous vapour were passed through a tube 
at a sufficient temperature the whole of the vapour would be 
dissociated, and the oxygen and the hydrogen would be separated. 
It was true if these gases were left to themselves they would, 
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mens, the moment the temperature lowered, again associate or bum ; but 
if precautions were taken to cool them rapidly after they had 
attained that high temperature they would be found as a mixture 
of oxygen and hydrogen simply. The Author had stated that the 
law which governed these actions was not well known and required 
research, but Dr. Siemens would like to know whether he was 
aware of the researches of St. Claire Deville on the subject. It 
might be that the determinations of St. Claire Deville were not 
quite correct, but in the meantime they might be regarded as being 
so. He found that at atmospheric pressure the point of half dis- 
sociation of aqueous vapour arose at a temperature of 2,800° Centi- 
grade, and that of complete dissociation at a much higher tempe- 
rature. Taking that law as determined by the French philosopher, it 
did seem reasonable to suppose that when a mixture of hydrogen 
and oxygen, with or without a mixture of nitrogen exploded, the 
point was reached beyond which the temperature did not increase, 
and, according to the Author, that point was 1,500° Centigrade. If 
such a temperature was reached in the working cylinder complete 
combustion would not take place immediately, but only partial com- 
bustion would occur, which would go on as the temperature 
diminished by absorption into the cylinder or by expansion, and 
that combustion would be completed only in the course of the 
stroke. In that way the action which had been described with 
reference to the diagrams was reasonable enough. With regard 
to the mechanical arrangement of gas-engines, the Author dis- 
tinguished between three types. In the first, the mixture of gas and 
air drawn in at atmospheric pressure was exploded. In the second, 
with which the Author had connected Dr. Siemens's name as that of 
the first proposer, the combustion was produced gradually; the gases 
were ignited as they flowed into the heating cylinder. In the 
third type, the gases, after being compressed and mixed, were 
admit led into the working cylinder, and suddenly exploded. With 
reference to the early engine which Dr. Siemens constructed in 
1860, the Author had stated that it combined other elements, which 
were entirely wanting in the gas-engines of the present day. The 
gas-engine of the present day, taking either of the three types, 
was, in his opinion, in the condition of the steam-engine at the 
time of Newcomen. The fuel was burnt in a cylinder which it 
was attempted to keep cold by passing water over it, and it was 
easy to conceive that the heat so generated, was only partly 
utilised for maintaining the state of expansion of the heated gases, 
the cold sides of the cylinder taking a good half of it away at 
once, thus causing a great loss. Then there was another palpable 
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in these enginea. After expanaion liad taken place, after half Dr. S 
heat had been wasted in heating a cylinder which was intended 



be kept cool in order to allow the piston to move, the gaaes were 
diarged at a temperature of 1,000°, or in the best types about 
)". That amount of heat, representing in one case one-half and 
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Siemens, in the other two-thirds of the total heat generated, was thrown 
away. This was heat which could be saved and made usefuL 
Instead of commencing the combustion at a temperature of 60°, if 
the heat of the outgoing gases were transferred to the incoming 
gases, combustion might commence at a temperature of nearly 
1,000°, and the result would be a very great economy. In the 
engine which he constructed in 1860 (Fig. 13) all those points 
were fully taken into account. The combustion of the gases 
took place in a cylinder without working a piston, and in a 
cylinder that could be maintained hot, and the gases, after 
having complete expansive action, communicated their heat by 
means of a regenerator to the incoming gases before explosion 
took place. Although the engine was not worked with ordinary 
gas used for illumination, but by a cheaper kind made in a 
gas producer, he then thought that a gas-engine constructed on 
that principle would prove to be the nearest approach to the theo- 
retical limits which could never be exceeded, but which might 
exceed the limits of the steam-engine four or five fold. The 
engine promised to give very good results, but about the same 
time he began to give his attention to the production of intense 
heat in furnaces, and having to make his choice between the two 
subjects, he selected the furnace and the metallurgic process lead- 
ing out of it ; and that was why the engine had remained where it 
was for so long a time. But now the time had come when there 
was a greater demand for engines of a smaller kind to do their 
best in houses and in small works, and when marine engineers 
especially had become fully alive to the importance of more eco- 
nomical arrangements. He therefore looked upon the question 
before the Institution as one of first importance to engineers, and 
he hoped that it would be well discussed. 

Rucker. Professor Rucker said that in his work on Thermodynamics, Mr. 
Verdet had published a calculation of the theoretical efficiency 
of an ideal gas-engine. Ho assumed that no heat was lost 
through the sides of the cylinder, and that the explosion was 
so sudden that the whole of the gas was inflamed before the piston 
had appreciably moved ; and under those circumstances he found 
that if the gases used were carbonic oxide, and a sufficient quantity 
of air to bum it completely, and if the whole of the carbonic 
oxide was burnt, the temperature to which the gases would 
rise, on the assumption that their specific heats remained con- 
stant, was 4,388° Centigrade. Ho found that the pressure would 
rise from 15 lbs. per square inch to 215 lbs., and that tlio efficiency 
of the engine would be 41 per cent. — that was, that 41 |>er cent. 
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of the total amount of heat produced by combustion of the gas Prof. Riickei 
"would be converted into useful work. It was evident from the 
conditions of Mr. Verdet's problem that that was a purely theoretical 
calculation. The condition, for instance, that no heat was lost 
was one which could not be realised in practice. About four years 
ago, however, in the course of a series of lectures given by some 
of his colleagues and himself on coal, he pointed out that Mr. 
Verdet's calculation was not even theoretically correct; that 
Bunsen had proved that it was impossible that a mixture of car- 
bonic oxide and air could reach such a temperature as 4,388° Centi- 
grade, which was something like 2,800° above the highest tem- 
perature, which Berthelot had shown was consistent with Bunsen's 
experiments on the subject. The question then arose what the 
effect of dissociation would be upon the gas-engine, and Professor 
Kiicker attempted to make a rough calculation to show how im- 
portant it might be. In the first place, he assumed that the 
highest temperature which could be reached was that given by 
Bunsen's experiments, and in the next that the specific heats were 
constant and the inflammation instantaneous. With those con- 
ditions only about one-half of the carbonic oxide would be burned 
when the highest temperature was reached ; then, as the piston 
began to move forward and the temperature fell, more would be 
consumed. But then there was the very important question as to 
how the temperature would fall, and in order to calculate that 
the law of cooling of a body heated to that extremely elevated 
point must be known. That, of course, he was ignorant of, 
and he was therefore obliged to make a rough assumption. As- 
suming that, as the piston moved forward, the gas burned so as 
to keep the temperature constant, he found that at the end of the 
stroke, when the pressure had fallen to that of the atmosphere, a 
part of the gas was left still unconsumed. Therefore in the half of 
the gas left unbumed to begin with, there was sufficient to do all 
work that was done while the piston was moving forward. The 
only assumption he could make was that the temperature remained 
constant ; any other, though that certainly was not true, would have 
involved some still more arbitrary hypothesis as to the law of cooling. 
Making, then, that rough assumption, he found that instead of a 
temperature of 4,000° Centigrade the highest reached would be 
about 2,000° ; that the pressure, instead of rising to 215 lbs., would 
rise only to 103 lbs. ; and that the efficiency of the engine would 
be only 25 instead of 41 per cent. That, though a very rough 
calculation, showed at once what the enormous importance of the 
phenomenon of dissociation might be. It served the purpose for 
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Rucker wMcli it was put forward, and showed that in any theory of the 
gas-engine physicists must make up their minds as to what part 
dissociation played in it.^ Passing from the theoretical prohlem 
that Mr. Verdet and himself discussed, namely, the case in which 
there was only enough air to burn the carbonic oxide completely, 
to the practical problem in which there was a much larger quan- 
tity of air present, a case arose in which dissociation was less 
important. The larger the quantity of air present the lower the 
highest temperature would be, and therefore, probably, the smaller 
the amount of dissociation. St. Claire Deville had shown that 
carbonic acid was dissociated at temperatures between 1,000° and 
1,200°, and water at temperatures between 1,000° and 1,100° Centi- 
grade. Inasmuch, therefore, as in the Author's engines, the highest 
temperature reached was about 1,500° (or 400° or 500° above the 
limits put by St. Claire Deville), it followed that if his measure- 
ment of the temperature was correct, which there was every reason 
to believe it was, and if St. Claire Deville's experiments were 
trustworthy, there was a certain amount of dissociation at the 
temperatures reached in his gas-engine. Passing, however, to the 
next question, namely, how much dissociation there was, the pro- 
blem was much more difficult. With regard to that subject a 
series of Papers had recently appeared in the " Comptes Bendus 
de I'Academie des Sciences," ^ which were so much to the point 
that he might be excused for giving a short account of one or 
two of the leading results at which the experimenters had arrived. 
The two gentlemen in question were Mr. Mallard (whose experi- 
ments on the rate of propagation of inflammation in gas had been 
mentioned by the Author) and a colleague, Mr. Le Chatelier. 
They had been making a number of experiments such as those 
that the Author had advocated in his Paper. They had made, 
indeed, what appeared to be one of the first serious attempts to 
investigate what was going on in gas heated between 1,000° 
and 1,500° Centigrade. The plan they adopted was as fol- 
lows : — They exploded gases in an iron cylinder, attached to 
which was a Bourdon manometer ; to that was attached a 
needle, which registered the pressure on a revolving cylinder. 
By reading off the curve so obtained, they got information 
as to the pressure in the cylinder at different times. He 
could not altogether accept their results without further con- 
firmation. Some of the conclusions at which they had arrived 
were so striking that he thought they must certainly be supple- 
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mented by other experiments before they could be accepted. Prof. Riicker. 
But for the moment he would put aside all diflfieulties con- 
nected with the experiments, and simply state the conclu- 
sions. It was found, dealing with gases at very different tem- 
peratures, that the curves obtained upon the revolving cylinder 
showed a point of discontinuity. At the very highest temperatures 
the curves were somewhat different from what they were at low 
temperatures, and the assumption they made was that at the high 
temperatures dissociation had set in, whereas at the lower tem- 
peratures there was no dissociation ; therefore the law of cooling 
would be different in the two cases. If, however, that interpreta- 
tion of the experiments was accepted, it would be found that the 
temperatures at which dissociation took place to any considerable 
extent were higher than those he had mentioned. Thus the 
Authors stated that carbonic acid did not dissociate appreciably 
below 1,800° Centigrade, and that steam-gas did not dissociate 
appreciably below 2,000°. Here, then, there were temperatures 
considerably above those obtained in the gas-engine ; if, therefore, 
the results in question were to be accepted, dissociation could not 
play a very important part in the matter. But although at first 
sight the experiments told against dissociation taking place to any 
large extent, in order to account for the phenomena they observed, 
Messrs. Mallard and Le Chatelier had had to introduce another hypo- 
thesis which practically came to very much the same thing. In all 
the earlier calculations upon the subject the assumption had been 
made that the specific heats of the gases were the same at high as 
at very low temperatures, but within the last few years two or three 
experimentalists of note had brought forward results tending to 
show that the specific heat of the gases increased as the tempera- 
ture rose. The two most important researches made upon the sub- 
ject were those by Professor E. Wiedemann and Professor Wiillner, 
the latter of whom showed that at temperatures between zero and 
100° Centigrade there was an appreciable rise in the specific heat of 
gases at a constant volume. Messrs. Mallard and Le Chatelier had 
taken that hint, and they found that in order to explain the facts 
observed by them on the assumption that there was no dissocia- 
tion, they must assume an enormous increase in the specific heats 
of the gases at high temperatures. But there were one or two 
points which appeared to present difficulties in their way. Wiillner 
showed that at the temperatures at which he worked, as might be 
prima fade expected, the increase was much greater in a compound 
gas like water or carbonic acid than in an elementary gas such • 
as oxygen or nitrogen. But Messrs. Mallard and Le Chatelier 
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Prof. Riicker. completely reversed that, and found that the increase was much 
greater in the elementary gases than in the compound ones ; and 
they went so far as to show that oxygen would at a temperature 
of 1,000° have a specific heat no less than one hundred and sixty- 
five times greater than that which it had at zero. That result 
was so astonishing that it could not be accepted without much 
more proof than had at present been offered. But putting aside 
for the moment Messrs. Mallard and Le Chatelier's interpretation 
of the experiments, he wished to consider what they meant fix>m a 
wider point of view, viz., that those gentlemen had come across a 
phenomenon which pointed to the fact that a vast quantity of heat 
was rendered latent. If specific heat at constant volume increased, 
the meaning of it must be that the work done by the heat wa« 
done within the molecules of the gas, that the heat was spent in 
separating or preparing for separation the atoms of those molecules, 
which were gradually being forced asunder ; whether they were 
actually forced asunder or not might be a question, but a large 
amount of work was spent in separating them, or preparing to 
separate them, by loosening the bonds between them ; and Messrs. 
Mallard and Le Chatelier's experiments served as much as any- 
thing previously brought forward to illustrate that point. He 
thought it must be assumed with almost certainty that a large 
quantity of heat was rendered latent in gases at temperatures 
between 1,000° and 1,500° Centigrade. All would agree that a 
certain amount of that heat was spent in dissociation (for Messrs. 
Mallard and Le Chatelier stated that they harmonised their results 
with those of St. Claire DeviUe by supposing that his experiments 
were more sensitive than their own), and the remainder of the 
heat would be spent, if not actually in dissociation, in preparing 
for dissociation. There was one other point in the Paper which he 
thought of interest. The Author had pointed out how different the 
rate of propagation of an explosion would be in the case of gaseous 
mixture which was confined to that in an unenclosed space. Messrs. 
Mallard and Le Chatelier had made experiments on that point ; they 
had inflamed gas and air mixture in a tube closed at one end, and 
they found that when it was inflamed at the closed end the rate of 
propagation was much greater than when it was inflamed at the 
open end. In the one case the gas was merely burning backwards 
through the tube, in the other the expansion of the gases would 
spread the inflammation. So enormous was the difference, that in 
8t)me cases they found that the rate of propagation was one hundred 
times greater when the gas was lighted at the closed end of the 
tube than when it was lighted at the open end. That was a point 
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which strongly confirmed the Author's view — that inflammation Prof. Rucke 
spread through the gas almost instantaneously. Although, there- 
fore one could not but feel that on those points there was a 
great lack of experimental data, all the facts that were brought 
together might, at present, be best explained by the hypothesis 
that the inflammation spread very rapidly through the gas, and 
that at high temperatures, say of over 1,000°, a very large 
amount of heat was rendered latent, either in actual dissociation 
or in incipient dissociation. Here, then, was an explanation of 
the curious maintaining of the temperature to which the Author 
had referred. As the gas cooled, the latent heat was given up 
and the curve was thus kept up to a high temperature by the 
heat previously absorbed in the molecules of the gas. 

Mr. John Imray observed that the patents for gas-motor engines Mr. Imray. 
iwrere at present under litigation, and that was a reason for not 
entering into details on the subject. He considered the Paper a 
misleading one. The Author had taken up a line of argument 
which tended to divert the mind from certain peculiarities 
of his engine and the Otto engine, peculiarities which were 
the only ones worthy of being discussed, but which had been 
passed over suh ailevUio. Hypotheses had been .brought forward to 
account for certain facts where no hypotheses were wanted, the 
facts being plain and straightforward. He might be permitted to 
say a few * words as to the history of the gas-engine — which 
he would challenge the Author to controvert. For the last 
forty years attempts had been made to produce a practical gas- 
motor engine, but almost all of them had failed. Some of them, 
no doubt, had come out before their time, others were never fully 
worked out, but more or less they had all failed. The only ones 
that "bame into much use before 1863, were a few made by Lenoir 
and Hugon, but they turned out wasteful and inconvenient, and 
in other respects so bad, that they were soon given up, and a 
large number of the engines made on stock, after ruining the 
makers, had been converted into steam engines. In 1863, Messrs. 
Langen and Otto designed a plan of gas-engine known as their 
atmospheric engine. He did not say that they had the first 
idea of it, but they certainly worked it out into a practical form ; 
and many thousands of those engines had been made and were 
still at work. Their only defect was that they were a little incon- 
venient on account of the noise, and that their power was limited 
to 2 HP. or 3 HP. Mr. Otto then set his mind to work at the 
subject, tried many plans and took out many patents ; at last, in 
1876, he succeeded in producing the engine which bore his name — 
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Mr. Imray. an engine which had made such an enormoiis change in the "whole 
business of gas-motors, that, whereas the machine was pxiBviously 
a mere mechanical toy, it had become a great commercial 
success. Thousands of those engines were at work to the 
extent of several hundred thousand HP., and they not only 
compared well with, but they exceeded in many respects, the 
steam-engine in point of economy as much as in point of con- 
venience. Those were the facts of the history of the engine. 
The change which Mr. Otto had introduced, and which rendered 
the engine a success, was this^ — that instead of burning in the 
cylinder an explosive mixture of gas and air, he burned it in 
company with, and arranged in a certain way in respect of, a large 
volume of incombustible gas which was' heated by it, and which 
diminished the speed of combustion. He would only refer to 
Figure 9. If the theory of dissociation were true, it would follow 
that the lower the temperature the more dissociation would take 
place, which was undoubtedly altogether wrong. He would ask 
the members to accept with reserve the history and the theory 
that had been laid before them, until events showed how entirely 
different the things really were. 
(r. Bousfield. Mr. W. K. BousFiELD did not propose to quarrel with the 
greater part of the facts stated, which were for the most part 
indisputable, but he thought neither the interpretation which the 
Author had put upon them could be upheld, nor the new and, 
to most of them, rather startling theory of the action of the gas- 
engine which had been submitted in the Paper. He did not say 
that the phenomena of dissociation played no part in the action of 
the gas-engine ; he did not say that when the explosion took 
place, there might not be a certain quantity of ammonia and a 
certain quantity of nitric acid formed, and that the phenomena of 
dissociation might not take place to a certain extent ; but what he 
did say was that neither the formation of nitric acid nor the 
formation of ammonia nor any of the phenomena connected with 
dissociation could account for the facts mentioned. He would 
only refer to two of those facts, namely, that notwithstanding the 
enormous loss of heat through the walls of the cylinder of a gas- 
engine, amounting to 50 per cent, of the total amount of heat put 
into the cylinder, the curve of the indicator diagram still kept up 
the theoretical adiabatic line which it should follow, supposing the 
whole of the gas were burned at the beginning of the stroke, and 
the walls of the cylinder* were non-conducting. That was a 
startling fact which had to be dealt with in one way or another, 
but the iiiterpretiition of the fact seemed to him to Ik? very 
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simple, and even in the Paper there were materials for arriving Mr. Bousfie 
at a conclusion upon it. The Author had stated that a mix- 
ture of gas and air took a certain time to ignite, that if ignition 
was set up at one point it took a certain time before it was 
communicated to another. There was also the further fact 
that the rate of communication of the ignition from one 
point of the dilute mixture to another varied directly with 
the amount of dilution of the mixture. Supposing for 
instance there was a mixture of gas and air in the right 
proportions for explosion, the ignition would take place at a 
certain speed; if more air was put in, the rate would be less; 
the greater the quantity, the less the rate at which the ignition 
travelled. That simple fact he thought sufficient to account for 
all the phenomena. The diagram which the Author had given 
(Fig. 9) seemed to him, taken in conjunction with the fact to 
-which he had referred, to support the theory which had been put 
forward by Mr. Otto and by the scientific world in general. In 
the Otto gas-engine the charge varied from a charge which was an 
explosive mixture at the point of ignition to a charge which was 
merely an inert fluid near the piston. When ignition took place, 
there was an explosion close to the point of ignition that was 
gradually communicated throughout the mass of the cylinder. As 
the ignition got further away from the primary point of ignition 
the rate of transmission became slower, and if the engine were not 
w^orked too fast the ignition should gradually catch up the piston 
during its travel, all the combustible gas being thus consumed. 
When the engine was worked properly the rate of ignition and the 
speed of the engine ought to be so timed that the whole of the 
gaseous contents of the cylinder should have been burned out and 
have done their work some little time before the exhaust took 
place, so that their full effect could be seen in the working of the 
engine. This was the theory of the Otto engine. What was 
the theory which the Author had put forward? He had stated 
that when gases combined a high temperature was set up; that 
a high temperature prevented combination of the gases beyond 
a certain point; and therefore, at the moment of ignition, there 
existed in the cylinder a body of gases heated to a temperature 
beyond the point of dissociation. A part of those gases being 
in a state of combination, and having therefore given out a heat 
which was doing the work of pushing the piston; a part of the 
gases, not being in a state of combination, being ready to combine 
as soon as the temperature was lowered to such a point that they 
could combine and give out work. Looking at that theory, it 
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field, seemed as if the point involved was a mere question of woi^ 
so far as regarded any question of infringement. In either case, 
what had to be dealt with was this. The adiabatic line repre- 
sented the line which was traced out upon the indicator diagram 
when no heat escaped through the walls of the cylinder, and when 
the whole heat which the gases lost was converted into work done 
by the piston ; so that, taking an indicator diagram, and finding 
the work done as represented by the area included by the curve, 
the ordinates and the atmospheric line, this work ought to be 
equal to the quantity of heat, represented in foot-lbs., which had 
been given out by the gas, as shown by the difference of tempera- 
tures and specific heat of the gas. Of course, when heat was 
escaping through the cylinder, and when the adiabatic line was 
still kept up to, a considerable amount of energy must be 
developed somewhere, in order to make up for the energy 
which went through the walls of the cylinder. The only source 
of energy in the gas-engine was the union of combustible gases 
and oxygen, and it followed that that constant supply of energy 
must come from the combustion of the gases within the cylinder. 
It was therefore a mere question of words, because, wheUier the 
energy was developed by the combustion of the gases which took 
place through the lowering of the temperature below the point of 
dissociation, or whether that energy was given out through the 
combustion of the gases which took place from the communication 
through the mass of an ignition which travelled slowly through it, 
in either case it was a gradual combustion. It was therefore a 
mere question of theory, and he did not see in what way it could 
affect the question of infringement. If Messrs. Crossley and Mr. 
Otto had overlooked the theory of dissociation, and had attributed 
the gradual combustion to something which they ought not to have 
attributed it to, he did not see how it could affect their position. The 
real point of difference, however, in a scientific point of view, between 
the Author and himself was this. The Author assumed that the 
ignition was quickly transmitted through the cylinder, and took 
place almost at once near the beginning of the stroke, and that 
the ultimate combustion was due to dissociation; whereas Mr. 
Bousfield thought with Mr. Otto and many others that the cause 
of the supply of energy was the gradual communication of 
ignition through the contents of the cylinder. The Author 
assumed gratuitously that when the point of maximum pressure 
was reached, that point marked the communication of ignition 
throughout the whole of the cylinder. That there wcwj absolutely 
no ground for that assumption could be very readily shown. 
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iglecting for the moment the loss of heat through the walk of Ht. I 
d cylinder, the curve repreBentmg the increase of pressure due 
the combustion of the gas, supposing the gases to combine at 
B BOme rata as they actually did, but not to be allowed to expand 
' the motion, of the piston, could be ascertained thus : — Divide the 
moepheric line (Fig. 14) into spaces A B, B C, C D, D E, See, repre- 
iting equal small spaces of time, or equal parts of a revolution. 



om each ot the points A, B, C, &c., raise ordinates A L, B F, 
3t, Ac, to meet the indicator curve in the points F, G, H, &c., 
d from the points F, G-, H, &o., draw adiabatics to meet AL in 
M, N, &o. From L, M, N, &c., draw lines parallel to A B to 
let their corresponding ordinates in P, Q, E, &c. Then the curve 
Q, R, &c., drawn through these points, would be a curve, the 
Linatce of which were proportional to the pressure at any time 
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usfield. of the contents of the cylinder, supposing these contents to Temaia 
confined in the space at the end of the cylinder, and not allowed 
to expand, and supposing the rate of combustion of these oontenti 
to be exactly the same as actually occurred. This curve, thei^ 
fore, showed the actual progress of the combustion dedujsed fron 
the working diagram. Even neglecting the loss of heat throngl 
the walls of the cylinder, it would be seen that this curv< 
ascended to a point past the point of maximum pressure, viz. til 
the point K, at the commencement of the part K V (which wai 
supposed to be exactly adiabatic) was reached. From the point i 
this curve became in the actual diagram a straight line parallel t> 
AB. If, however, the theoretical diagram, allowing for loss b; 
conduction, were taken, the curve PQKS would ascend througt 
out the stroke. Hence the maximum point on the diagram wa 
simply the point where the increase of pressure due to combustia 
was balanced by the decrease of pressure due to the forwar 
motion of the piston, and there was no reason for saying that th: 
maximum point corresponded to complete ignition. He had ha 
an opportunity of taking diagrams from the Otto gas-engin. 
which Professor Ayrton had at the City Guilds Technical Schoc 
Cowper Street. The engine was designed for the electric ligb. 
and the cam, controlled by the governor, was made in a seri^ 
of steps. He therefore had the governor taken off, and the cai 
and the roller on which it acted so arranged that it should wor 
independently of the velocity of the engine on a given step, so ths 
the charge might be, as nearly as possible, the same at all speedi 
And he varied the load by braking the fly-wheel. The two sei 
of diagrams were taken, one at a speed of one hundred revolt 
tions, and the other at two hundred; thus might be seen tb 
effect which must be due to the phenomenon he had spoke 
of — the ignition travelling gradually; it could not be due 1 
dissociation, for the reason which Mr. Imray had pointed out. I 
the diagrams the phenomena of dissociation ought to be exag 
gerated at the higher temperature, but instead of that, it woul 
be seen that the effects attributed to dissociation were less at th 
higher temperature where dissociation should be most active, an 
greatest at temperature below the point of dissociation ; he therefoi 
did not see why the results should be attributed to the phenomen 
of dissociation, when they could be perfectly explained by the rai 
of progress of ignition through the cylinder. With the full charg 
at one hundred and at two hundred revolutions the effect c 
difference of speed was small, as shown by the two diagrams i 
Fig. 15. In that case, the rate at which the ignition went throug 
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the cylinder was so great that it only made a very little difference Mr. Boosfield 
in the curve when the rate got up to two hundred revolutions. He 
then fixed the roller on the third step, when there was a less charge 



Fig. 15. 




4th step. 100 to 200 revolntions. 

of gas. The diagram, Fig. 16, showed the hundred-revolution curve, 
ID which the gas had time to explode, and to carry the pencil indi- 



FiG. 16. 




3rd step. 100 to 200 revolutions. 

cator up to the maximum point, and then down to the adiabatic line. 
Going to two hundred revolutions with the more dilute mixture, 
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loiufield. the rate of propagation of ignitioii was slower ; therefore at ihst 
speed, although the temperature was less, dissociation would have 
much more to do. The effect was much more marked, simply from 
the dilution of the mixture ; there was therefore a less rate of pro- 
pagation of ignition, and the curve took the form shown in tha 
diagram. Fig. 17 showed the same effects on the diagram when 

Fig. 17. 




2nd step. 100 to 200 revolutions. 

the curve roller was on the second step, and consequently still leflB 
gas was admitted. The five superposed diagrams were taken at 
speeds between one hundred and two hundred revolutions per 
minute. It would be observed that the curve at the higher speed 
generally went outside the other. There was less work done at 
the beginning, and more gas to be combined at the end, and 
therefore a greater amount of work done at the end of the stroke. 
He did not wish to carry the comparison all the way through, 
but he would leave it to the Author to show how he explained 
the diagrams under the dissociation theory. In Fig. 18 there was 

Fig. 18. 




Ist step. 130 revolutions. 



the least amount of gas with which the engine would work, and 
the speed was one hundred and thirty revolutions. The comprossioi 
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'as 30 lbs. ; the compression-line was the same as the others. The Mr. Bousfie 
working-line was a line nearly parallel with the atmospheric-line, • 
wit slightly rising, and at the end the ignition was not finished, 
3adeed, in this case, if a Hght was applied to the exhaust the 
Contents would explode. * According to the Author's theory, that 
maximum point near the end of the stroke in the last diagram 
was a point where the ignition was complete, and therefore aU the 
gas should have combined at that low temperature where no dis- 
sociation could take place. Those were points which the Author 
wroiild have to meet in order to support his theory. Many of the 
Eacts mentioned by the Author were incontestable, and his chief 
iispute with him was as to the interpretation he had put upon 
them. The Author had said nothing against the theory to which 
he had referred except that it was new, no argument whatever 
being advanced against it. The Author stated — '* From the con- 
siderations advanced in the course of this Paper, it will be seen that 
the cause of the comparative efficiency of the modem type of gas 
engines over the old Lenoir and Hugon engine is to be summed up 
in one word, * compression.' " He had not had time to go carefully 
through the diagrams ; but he did not think that they were fair 
comparisons, and he thought that other elements ought to have 
^u taken into account. The Author had given the old Lenoir, 
and had stated that the temperature was the same, that the mixture 
of gas was the same, and that the great advantage over the 
Lenoir was compression. Mr. Bousfield might be permitted to 
point out that, in the Lenoir engine, the adiabatic line was much 
above the actual line. It would be fairer to substitute the word 
" dilution " for " compression," so that the sentence would read : 
"The cause of the comparative efficiency of the modem type of 
gas engines over the old I^enoir and Hugon engine is to be summed 
lip in one word, * dilution.' " The fact, however, was that it could 
not be summed up in one word ; the two should be taken together, 
compression and dilution. The Author further stated : " The pro- 
portion of gas to air is the same in the modem gas-engine as was 
formerly used in the Lenoir." He did not think so. He believed 
that the Lenoir worked up to 13 to 1, and could not get further, 
fio did not know what proportion Otto used, but it was considerably 
more than that. It was also stated that the time taken to ignite the 
nnxtnre was the same ; but that was a gratuitous assumption, 
"ne Author said ; " The cause of the sustained pressure shown by 
the diagrams is not slow inflammation (or slow combustion as it 
'^been called), but the dissociation of the products of combustion, 
*nd their gradual combination as the temperature falls, and com- 
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Jousfield. bination becomes possible. This takes place in any gas engine^ 
whether using a dilute mixture or not, whether using preawro 
before ignition or not, and indeed it takes place to a greaia 
extent in a strong explosive mixture than in a weak one." Di§* 
sociation took place far more at high temperatures than at low; 
and if the Author's application of the theory were correct the 
phenomena of dissociation ought to play a much greater p«t 
at high than at low temperatures. He had pointed ou^ that thk 
was not so in the diagrams, and that it was not so with Lenctfi 
explosive engines where the curve fell far below the adiabatk 
line. The Paper contained other matters which he had not tiiM 
to dwell upon ; but he thought he had said enough to challenge 
the Author to show how he got rid of the old theory, and explained 
the facts to which Mr. Bousfield had referred, 
r. John Dr. John Hopkinson said a very interesting question had been 
opkinson. discussed by Professor Kucker and Mr. Bousfield, to which he 
desired to refer. The Author maintained that the ignition of the 
mixture of gases had extended throughout the whole space at s 
time approximately represented by the point of maximum presBUie. 
Others, on the contrary, maintained that the ignition had not 
extended through that space by that time, but that it took a time 
lasting into the descending part of the indicator diagram hefors 
the disturbance had extended throughout the whole of that space. 
The Author attributed the maintenance of the temperature dmin^ 
the latter part of the curve, and its approximation to an adiabatu? 
curve, to the gradual combination of the gas through the maflB, 
that combination not occurring completely in the first instance 
owing to the temperature being so high that a certain measnro 
of dissociation occurred, or at all events so high that complete 
combination could not occur. He thought that the question might 
be submitted to a crucial test. Suppose the opponents of the 
Author were right, if a given mixture of air and gas were exploded 
in a gas engine revolving at a low rate of speed or in an entirdy 
closed space, it would be expected that the maximum pressure 
would approximate to that calculated from the heat due to the 
combustion of the gas present and the temperature resulting there- 
from. If the engine were running slowly, or if the explosion 
were made in a completely confined space, the pressure would be 
expected to rise to a point very greatly in excess of that observed 
in the gas engine running at its normal speed. Whether that wen 
so he did not know. The experiment might be objected to on th< 
ground that when the engine was running slowly there was i 
great loss of heat through the walls of the cylinder. That woul< 
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fp^e rise to a second crucial experiment. If the Author was Dr. John 
^ li^t the maximum pressure in large and small engines would be Hopkmson. 
f aibout the same ; if those who differed from him were right, in a 
[ large engine the maximum pressure would probably be greatly in 
ooess of that in a small engine, there being less loss of heat through 
Hkb walls of the cylinder. What the answer might be he did not 
t^lcnow, but it appeared to him that there were there the elements of 
r /settling the question. The Author divided gas-engines into three 
r'tiafises, and had made a comparison of their theoretioal efficiency. 
^ lathe second the mixtures were admitted into the cylinder, and, 
. "^thout increase of pressure, the heat produced was devoted to. 
increase of volume. In the third the mixtures were introduced 
into the cylinder, and then burned with an increase of pressure 
without immediate increase of volume ; and in those two cases he 
took, for the purpose of comparison, different maximum pressures. 
In the second type he took a pressure of 76 lbs., and in the third 
ever 200 lbs. Primd facie it would seem natural, in order to make 
A fair comparison, that the same maximum pressure should be 
taken in the two cases. Probably the Author had a good 
reason to justify his making a comparison on that basis, and, 
perhaps, in his reply he would point it out. He agreed with those 
who had so often sjKjken on the subject of the gas-engine that in 
ttuit engine lay the future of the production of power from heat of 
oombustion. It was quite in its infancy, and it had already beaten 
[ the best steam-engines in economy of fuel, for the obvious reason 
that it was practicable to use with it much higher temperatures. 
The steam-engine toleraT)ly approximated to the theoretical effi- 
ciency that might be expected from it, having regard to the 
temperatures between whicJh it was practicable to work it. That 
was not the case with the gas-engine, there being still a very large 
margin for practical improvement. Having regard to the very 
flhort time during which gas-engines had been used, he thought 
that practical improvements would take place, and that, when 
such difficulties as that of starting a large engine as conveniently 
M steam-engines could be started had been overcome, the gas- 
engine would supersede the steam-engine. 

Mr. F. H. Wenham observed that he had but little to say with Mr. Wcnham. 
Wgard to the present theory of the gas-engine, but he wished to 
make some practical references to one of the three types of engine 
leferred to in the Paper. He had tried many experiments with 
heated air or gas-engines, and had come to the conclusion that 
for economy and efficiency they surpassed steam-engines for small 
powers. In engines made by himself some years ago the air was 
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TV^enham. pumped into a closed cliamber which contained a coal fire, or ■ 
which petroleum was ignited by being injected on to an m»\ 
descent surface, and the expanded air was then conveyed throo^' 
a passage and valves into the working cylinder, which was am^i 
acting. A great many of these engines were made at the ^ 
but there were practical difficulties in the way of constructia' 
It was found that the engine would not endure for anylenglfc 
of time if the initial pressure in the cylinder exceeded 15 Hft 
per square inch. That, after deducting the power absorlied ly 
the air-pump, left a mean pressure of only 6^ lbs. dniing Al 
stroke. Under these conditions the air entered the cylinderik 
1,100° Fahrenheit, equivalent to iron at a dull red heat, and kft 
at the exhaust at 466°, or a few degrees above the melting ponk 
of tin. The reason why only a low pressure could be obtamrf 
in that form of engine was the difficulty of keeping the val^ 
and joints of the communicating passages air-tight at temperatnni 
above the duU red heat. At its first introduction there 'WM I 
considerable demand for the engine ; but it had since been suptf- 
seded by the modem gas-engine. In the gas-engine the cylindtf 
itself was the heat generator or furnace, and there were thiH 
no valves or passages for the intensely ignited air to pass through* 
and that source of destruction was avoided; consequently veiy 
high temperatures could be utilised and corresponding high pres- 
sures obtained. The high temperature of the air at lie time 
of the combustion of its self-contained fuel in the form of gtf 
had given pressures in the cylinder at the commencement o< 
the stroke of 200 lbs. per square inch at a teihperature of 3,000* 
Fahrenheit. During the stroke there had been a mean pressiiri 
of 70 lbs., with the exhaust air leaving the cylinder at a tem- 
perature of 1,300° Fahrenheit, a higher degree than that at whicl 
it could be allowed to enter in the air engine to which he hac 
referred. It appeared to him that this must be a source of grea' 
loss. In future improvements of the gas-engine he believed tha' 
such waste heat would be utilised as a motive power, as this coulc 
bo ofteoted by a simple arrangement. Of course it would bi 
desirable to make the gas-engine double-acting, and he had w 
doubt that this result would also be accomplished. 

. Davey. Mr. H. Davey remarked that the Author had thrown new ligh 
on the chemical part of the subject, by explaining the action dw 
to the dissociation of gases, a branch of the subject probably bn 
little understood by inventors and gas engine manufacturers gene 
rally. The Author started with the assertion that the stean 
en«]!;i]io only gave an efficiency of 0*1, and then proceeded to shoT 
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kt the efficiency of a gas-engine, using 22 cubic feet per IHP. Mr. Davey. 

r hour, was by experiment 0* 178. 

Lq round numbers, 1 lb. of coal yielded 4^ cubic feet of gas, and 

good steam-engine consumed 2 lbs. of coal per IHP. per hour. 

therefore followed that neglecting the by-products, the steam- 
gine used an amount of coal per IHP. per hour which would 
aid 9 cubic feet of gas, whilst the gas engine used 22 cubic feet, 

an eqtiivalent of nearly 6 lbs. of coal. That was the practical 
iilfement of the case; but looking at it theoretically, it would 
I seen that the facts were still against the Author's deductions, 
id that the sweeping last paragraph of his Paper was not 
nite so deserved as it would appear. For small powers the 
as- engine was superior to the steam-engine, for many practical 
oasons. 

The efficiency of a heat-engine was not the actual work done 
livided by the mechanical equivalent of the total heat, but the 
irork done divided by the mechanical equivalent of the available 
^t The Author had recognised that fact in dealing with the 
jaB-engine, but in stating that the efficiency of the steam-engine 
iws only 0*1, he had forgotten that that value was obtained from 
2ie total and not the available heat. The possible efficiency in 
i steam engine working between the limits T and <, = say 760° and 

>60°, was — —— = 0*26. The complete combustion of 1 lb. of 

760 ^ 

X)al ap 16,000 units, and therefore the available heat was 16,000 x 

)'26 = 4,160 units, equivalent to 3,211,520 foot-lbs. ; 1 lb. of coal pro- 

Inced^an indicated HP., or 990,000 foot-lbs. The efficiency therefore 

svas * =0*3, or three times that assigned to it by the 

Author. Calculating the efficiency of the Author's gas-engine on 

the same basis, the result was - — =0*76 as the possible 

o,25o 

efficiency. The complete combustion of 2 cubic feet of gas pro- 
duced heat equivalent to about 1,100,000 foot-lbs. The available 
heat in a perfect gas-engine, expressed in foot-lbs., was therefore 
1,100,000 multiplied by 0- 76, which was equal to 836,000 foot-lbs. ; 
^^t the actual work done by 2 cubic feet of gas in the Author's 
engine was only 180,000 foot-lbs. The efficiency was therefore 
180,000 
836,000 - ^ ^^• 

The actual efficiencies were therefore— the steam-engine • 30 ; 
the gas-engine -0 • 2 1 . 
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ey. The following diagrams of the distribution of losses wotQc 
this fact clear : — 
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The gas-engine was a long way behind it, except, fo 
powers. The cost of working was the crucial test. Let c 
18«. 8c?. per ton, and gas 3«. 9d. per 1,000 cubic feet; then 
of coal would cost Id., and 22 cubic feet of gas. Id. ; 10,lbs. 
= 5 IHP. in the steam-engine, and 22 cubic feet of gas, 1 ] 
the gas-engine ; therefore the cost of fuel was 5 to 1 in fa 
the much-abused steam engine. With Dowson gas, proba 
gas-engine was as cheap in working as the steam-engine ; I 
was due to economy in the working fluid and not in s 
efficiency of the engine itself. Increased economy might 
tained in the steam-engine when the practical dijSiculties o 
high temperatures were surmounted. 

The following graphic illustration of the theoretical ecoi 
high temperatures was useful in conveying a clear idea of ' 
efficiency of any heat engine : — 
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aEDERiCK Bramwell, Vice-President, said he had not intended Sir Frederick 
: on the subject, but was now induced to do so as he thought l^ramwell. 
; speaker's remarks were misleading; as he (treating the 
8 as not worth consideration) had put forward that the 
de of comparing the economy of a gas-engine with that of 
-engine was to charge against the gas used the whole of 
carbonised to produce that gas, thus ignoring the heating 

the coke, and the money value of the other residuals. 
I. F. Bamber wished the Author had commenced his Paper Mr. Bamber. 
it portion which treated of the analysis of the gas, and had 
le mechanical equivalent of a unit of the same both in 
) and diluted state. If the explanation had then followed, 
) mechanical equivalent of the latent heat of expansion 

of the gaseous mixture per degree of temperature was 
he same as for atmospheric air, the reason why the gas- 
might be considered in theory as an air-engine would 
en clearer, namely, that the adiabatic curve, or curve of 
amission of heat, was nearly the same for both. The 
commenced by an attack upon the steam-engine. Much 
s required in evaporating water whose specific heat was 
d hence the efficiency of the steam-engine was low, and 
ig better was needed ; whereas it was clearly proved by 
, a quarter of a century ago, that the maximum efficiency 
3oretically perfect heat-engine, working between given 
' temperature, was equal to the ratio of the range of tem- 
I to the higher absolute limit of temperature, and quite 
lent of the fluid employed. Kaising the temperature 
by compression or using regenerators were the two means 
h the actual efficiency might be made to approach the 
m limit. The Author believed in compression, but his 

[NET. C.E. VOL. LXIX.] F 
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lamber. method of defenc5e of it and his illnstrations of its advantagei 
did not appear to be quite correct. He took three types of 
engine : the first and third were explosive gas-engmes; tlifti 
second was worked at constant pressure, and these he treated ai 
air-engines. The first and second were worked between the aam© 
limits of temperature, but in the second compression was employe^ 
What the Author wished to prove by the theoretical diagrams o 
these types was that the constant-pressure engine using compie^ 
sion was more theoretically perfect than an explosive-engine tisiri 
none, whilst an explosive-engine using compression was the be^ 
of the three. But be had shown by type No. 2, that by the uJ 
of compression an efficiency could be attained higher than l4 
maximum efficiency of a perfect heat engine, which Beemc 
to require some explanation. The maximum was equal 

in absolute degrees of temperature, and was for 1,53' 



Tl - Tg 



Centigrade and 1,089° Centigrade equal to 0-247 for both typei 
whereas the Author made it 0*21 for the first and 0"36 for it 
second. The Author allowed that type No. 1 would be improre 
by further expansion, but that that would require a vacuum-pran 
and condenser ; yet surely it made no difference, so long as th( 
both consumed the same quantity of heat, whether a compressia 
pump was used at the beginning or a vacuum-pump at the ei 
of the stroke, whilst indeed there might be theoretical reasons 
favour of the latter. Types 1 and 3 were respectively work 
without and with compression ; they were both explosive-engin< 
and the efficiency of the latter was made double that of the fomw 
but the latter was made to discharge at 648° Centigrade, and t 
former at 1,089° Centigrade. If these figures had been reverse 
so would have been the efficiencies. Had the Author explain 
that there was a certain maximum efficiency for heat-engin 
and that by means of compression a larger percentage of tl 
maximum could be attained than without it, there would ha 
been no reason for objection ; but that was a very diffen 
thing from trying to show that it was possible to obtain m( 
than the maximum efficiency of a theoretically perfect he 
engine. 

The real value of the gas-engine was, that it contained 1 
furnace and engine in one; thus the necessary heat lost in 1 
furnace to make a draught, and the unnecessary loss of heat 
radiation from a large steam boiler were both avoided in the | 
engine, and, finally, the gas-engine could be used safely a1 
maximum limit of temperature, which could not be employed 
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the steam-engine. There was no doubt a great future for this Mr. Bamb< 
ebusB of motor. 
L Mr. E. A. CowPER had been rather startled by the assertions of Mr. Cowjh 

some of the speakers, that it was worth while to mix air and gas 
ki in such an imperfect way, that combustion should not take place 
t in the best manner. If, instead of mixing air and gas at the 
I commencement of the stroke, a portion of the gas was let in at a 
». later period of the stroke, it reminded him of an indicator figure 
Jie had taken off a steam-engine many years ago, where the admis- 
sion was so bad that, after the steam had been admitted and was 
pi partly expanded and wire-drawn down, a second volume of steam 
r- was admitted to the cylinder, which simply filled it up to a 
y higher pressure without doing any work, though the expansion of 
K that second quantity of steam became useful for the small portion 
* of the remainder of the stroke. If the gas and air were not pro- 
perly mixed, and the whole let in and exploded at once, or as 
J. quickly as possible, a portion of the work that ought to be done 
"WIS lost, because it was not burned at the highest temperature at 
\ the commencement of the stroke ; there was not the first motion 
i,, due to the high pressure, and then there was not the use of it for 
expansion. As to the second point, working with atmospheric 
pressure, and allowing the gas to be drawn into the cylinder, he 
agreed with the Author that gas and air, the explosive mixture, 
<wight to be forced into the cylinder with some reasonable pres- 
Wre, he did not say what, perhaps 20, 30, or 40 lbs. per square 
Mch, When he was an apprentice to the late Mr. J. Braithwaite, 
^Wesson was working at his caloric-engines, and he found that by 
pmnping air into the engine to begin with, so as to have two or 
^hree atmospheres, he could get much more work out of the same 
<»al, and make the engine in every way more efficient, besides 
«nahling a small engine to do the work of a large one. It was 
likewise decidedly advantageous to pre«s the gas and air into the 
cylinder in the first instance. An indicator figure like the 
Author's (Fig. 6) was the best he had seen from a gas-engine. It 
gave the highest reasonable pressure at the commencement of the 
stroke, 200 or 220 lbs., and a very fair expansion curve. He 
thought that whatever theory might be adopted, an indicator figure 
^ould have to be taken, to see what was actually done in the 
cylinder, and the mechanical arrangements be varied so as to 
ohtam the best results. He did not think that any theoretical cal- 
cnlations would give a better curve than could be obtained by 
wtual experiment. He wished to ask the Author the cost per HP. 
1 HP. could now be got with a good steam-engine for ^j^d. per HP. 

F 2 
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per. per hour for fuel, or 103 HP. per hour for 1«., and lie should 1 
know the actual results obtained by the Author with a gas-e: 

tray. Mr. J. Macfarlane Gray said that the deficiency of comb 
at the commencement of the stroke had been calculated frc 
temperature 1537° Centigrade by assuming the specific hea 
stant as for low temperatures. The isochronous vibrations 
atoms in the glowing state was a set of motions additional tc 
which were taken into account in the specific heat constant 
temperatures, and the energy of these vibrations must Id 
additional to that of constant specific heat. The Author* 
mate of the extent to which ignition took place before the 
mum temperature would therefore be below what actually occ 
The glowing state or inflammation preceded and also fa 
ignition. The great difference in the forms of the diagrams 
from the Crossley engine at different speeds was, he thouj 
accordance with the rationale of retarded ignition attribu 
Mr. Crossley. He thought that even the Author's theor 
remarkably corroborated this view of the subject of re 
ignition. Mr. Crossley had shown that his arrangemei 
one which ensured that ignition would be slow, and the 1 
had now brought in another argument to show that ignitior 
not possibly take place faster than Mr. Crossley had stated, 
regard to the practical economy of the gas-engine, he knew 
instance where gas-engines had been adopted for a printing 
up to 80 actual HP. An engine of 8 HP. nominal was take 
then another engine of the same size, and these gave so mucl 
faction that a 16 nominal HP. engine was ordered, and th 
since been duplicated, working each to 30 HP. actual. Mr. C] 
in this case himself advised a steam-engine after the two 
engines, but the user of the power had from his own exp 
formed a higher estimate of the economy of the gas-engine t 
maker would advocate for it. All these engines had worke 
the cost of repairs had been practically nil, and the firm we 
satisfied that they got power economically, compared with a 
engine which they had had at former works, although co 
not high-priced in that district. 

vcrn. Mr. H. A. Severn said that in his own experiments the 
sion of the gas in open and closed tubes varied with the 
ratures and pressures. He was inclined to believe that tl 
curve would be obtained by finding out the best temperatu 
pressure which were together conducive to the best explosioi 
did not think that the maximum explosion was due to temp< 
or to pressure separately. 



Ptooeedings.] DISCUSSION ON THEOBY OF GAS-ENGINE. 61 

Mr. J. E. DowsoN observed that much had been said on the Mr. Dowsoi 
question of dissociation. He ventured to point out that in the 
ejqperiments of St. Claire Deville the gases acted upon were very 
pnall in volume and were not confined under pressure, whereas 
the gases in the cylinder of a gas-engine, after the first ignition 
lad taken place, were under very considerable pressure in a closed \ 

chamber. There was doubtless a range of temperature within * 

which two bodies having a chemical afl&nity for one another would 
«)inbine, and when that temperature was raised or lowered the 
combination would not take place. But surely the tendency of 
gases to be dissociated or to remain uncombined was affected by a 
pressure which was exerted on those gases, and which directly 
tended to facilitate their combination. Seeing that in his ex- 
periments St. Claire Deville required a temperature of 1,200^^ 
Centigrade to dissociate a very limited amount of oxygen from 
hydrogen, when experimenting on a small scale, and that the 
maximum temperature obtained by the Author was only about 
300° above that of St. Claire Deville ; seeing also that the latter's 
experiments were made at atmospheric pressure, whereas in the 
Paper no reference was made to the counteracting effect of in- 
creased pressure on dissociation, he should be glad if the Author 
would state if he had taken that into account, and if so what were 
his reasons for supposing that it should not modify the theory 
which he had advanced. He should also be glad if the Author 
^ould state if he had tested any samples of gases taken from the 
exhaust or from the cylinder at one or more points. The results of 
Bttch tests would bear directly upon the question of complete or 
partial combustion, and would be of great interest. The question 
raised as to dissociation and its supposed effects was certainly one 
of importance, and should be set at rest in the most convincing 
Jttanner possible. It was, however, so difl&cult to determine the 
reactions which occurred in the cylinder of a compression-engine 
^hen worked with coal-gases, owing to the presence of so many 
kinds of gases, and owing to the complication of conditions which 
obtained, that it would assist the solution of the problem, and be 
JJistructive in other respects, if a few experiments were made 
^th a compression-engine worked with a simple gas such as 
hydrogen or carbonic oxide mixed with air. 

Sir William Armstrong, C.B., President, said the Paper was a sir Willia 
very important one, and he was glad that it had been brought Armstroni 
hefore the Institution. The subject also involved a great deal of 
controversial matter, and some valuably and inter(5sting remarks 
• had been made on the various controverted points. But setting 
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liam aside all matters of controversy, lie might say that the gas-engine 
^^^' was tmdoTibtedly, theoretically speaking, a very superior heat- 
engine to the steam engine. In the first place, there was in the 
gas-engine internal combustion, and therefore all that loss was 
avoided which was incident to the transmission of heat from the 
exterior of the apparatus to the interior. There was also the fact 
that heat communicated to air was in a much more available form 
for the production of mechanical effect than heat communicated to 
water. But there was very much yet to be done to put the gas- 
engine in a position to supersede the steam-engine. It appeared 
to him that the difficulties in the way applied more to the genera- 
tion of gas than to its application in the engine. It was very 
difficult, for example, to see how to generate gas for motive 
power in a locomotive with the same facility that steam could be 
generated. In the case also of ships it would apparently be very 
difficult to substitute gas for steam. At the same time it should 
be considered that the gas-engine was only in its infancy, whereas 
the steam-engine was in a great measure played out. Comparing 
the gas-engine with the steam-engine at a period when it was no 
older than the gas-engine, the superiority of the gas-engine would 
be much more marked than when comparing it with the mature 
steam-engine of the present day. And it was highly probable 
that after some experience had been had of the new form of 
engine it would appear in a very superior light. It was at present 
very heavily handicapped by having to use gas which was not 
specially prepared for it; it was burdened with the expense of 
rendering gas available for illuminating purposes. No doubt the 
time would soon come when gas would be made for the special 
purpose of producing motive power, and when that was the case 
the advantages of the gas-engine would be greatly enhanced. 
liam Sir William Thomson said that he had recently seen a very 
"• interesting experiment made by the Author with a gas-engine at 
Glasgow, which he thought had a most important bearing on the 
mode of action of the gas in the cylinder. The experiment wai 
made in the presence of his brother Professor James Thomson an^ 
Professors Jack and Ferguson (of Mathematics and Chemi8tr3 
in the University of Glasgow), who were all much interested ii 
the enquiry. The object was to test the nature of the mixtun 
in close proximity to the piston, so as to be able to form 8om< 
idea as to whether or not the explosion took place through tht 
whole space ; to be judged by finding whether, right up to contac 
with the piston, gas and air were present in proportions snitabl 
for combustion. He need not enter into details as to the wa"* 
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A which the experiment was made, but he might say, in a Sir William 
general way, that while the piston was being pressed in to Thomson, 
eaondense the mixture at a definite point of the stroke, com- 
KUTmicc^tion was made with the cylinder. The small experi- 
saeiital cylinder and piston were placed in proper position, in 
mmununication with an aperture bored for the purpose in the 
auun cylinder. The Author of the Paper would be able to 
^lain the details better than Sir William Thomson could. It 
■was suf&cient to say that by an automatic arrangement, worked 
mechanically from the cross-head, the communication was made 
eiactly at one definite point of the stroke, and the experimental 
-prton was pressed up in the cylinder so as to let it fill. At 
■iny time afterwards the stop-cock could be opened by hand, 
■ and the nature of the contents tested. In every case the contents 
i- were found to be explosive — an explosive mixture of gas and air 
? —proving that up to the very point, which he understood was 
'within about an inch from the piston, coal gas was present in 
[ luitable proportions for producing an explosion. There was one 
[ ether matter to which he wished to refer, which had been noticed 
I in the discussion. There appeared to be some difierence of opinion 
upon it, but to his mind it scarcely appeared open to doubt — that 
the diagram, which showed an exceedingly sudden rise and a 
gradual fall, proved that combustion was practically complete at 
a point corresponding to the summit of the curve. Literally 
tod precisely the instant of the maximum of the curve was that 
ftt which the rate of loss of pressure by expansion, the much 
smaller rate of loss of pressure by loss of heat carried by 
convection of the fluid to the solid boundary, and out by 
conduction through the metal, were exactly counterbalanced 
hy the rate of combustion still going on. It seemed certain 
that the rate of loss by the two causes he had indicated was 
exceedingly small in comparison with the rate of rise by 
the initial progress of the explosion ; therefore, practically 
speaking, the maximum of the curve indicated truly the instant 
when the combustion was as complete as dissociation at the 
Ugliest temperature attained allowed it to be. 

Mr. D. Clerk, in reply upon the discussion, said that two of the Mr. Clerk, 
speakers seemed to think that the question at issue was one of in- 
fringement of patent, but he desired to arrive at the truth, apart 
from mere questions of personal interest. The question of infringe- 
ment was to him one of complete indifference. 

The question he was anxious about was the purely scientific one. 
Was his theory of the action of the gas-engine the trtie one, or was 
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Mr. Clerk, nitric acid formed." The question why, when maximum pressure 
was reached at the beginning of the stroke, he assumed that the 
flame had spread throughout the mass in the cylinder was much 
more to the point. From the original of the diagram, Fig. 6, 
he had taken the two extreme lines, shown at diagram Fig. 19, a 
and b were the points of maximum pressure. In the Paper he 
had not detailed the method used to calculate the temperature 
attained at the point of maximum pressure ; it was necessary to do 
so before proceeding further. First he determined the exact 
volume of the space at the end of the cylinder into which the 
mixture was compressed, then on the diagram he had drawn the 
adiabatic line of compression, it was the dotted line shown at Fig. 6 ; 
the lower black line was the actual compression line drawn by 
the indicator. It would be seen that the two were as nearly as 
possible coincident. The cause of this had been pointed out. The 
temperature at the point c was known to be 150° '5 Centigrade, 
and the pressure 41 lbs. above atmosphere, and assuming the 
volume to remain constant, the temperature at a was calculated ^ 
from the pressure 220 lbs. above atmosphere. 

Let P = pressure before ignition, and P' pressure after ignition,. 
T = temperature before ignition, and T' temperature after ignition, 
then — 

FT 

P 

both pressures and temperature absolute. In diagram Fig. 1 it 
was shown that the temperature of compression, corresponding to 
40 lbs. above the atmosphere, was 160° '5 Centigrade, and from' 
these figures the^ temperature 1,537° was obtained. This was the 
minimum possible temperature, as would be observed from certain 
considerations developed at p. 21. Whether the flame had spread 
throughout the mass of the mixture or not, this was the average 
temperature. From a. Fig. 19, was drawn an isothermal line, a 6 c, 
dotted ; at the point a the temperature had commenced to fall, up 
to that point it had been rising at a very rapid rate. The semi- 
circle drawn below the atmospheric line showed the path of the 
crank-pin, and each division represented in time one-fiftieth of a 
second; the engine was running at one hundred and fifty revo- 
lutions per minute when the diagram was taken. Comparing 
the condition of the gaseous mixture in one-fiftieth of a second 
before maximum pressure, and one-fiftieth of a secoi^d after maxi- 
mum pressure, in the first one-fiftieth of a second the average 
temperature had increased 905° Centigrade, while in the seoond 
hundredth it had diminished about 189° Centigrade. Within a 
limit of one twenty-fifth of a second there was a point where the 
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»» of tempeiatnre ceased, and -where a, fall of tempentnre Mr. dnky 
in. "What did this mean ? Why did the increaee of tempera^ 

tMue in so sndden a manner and a fall of temperature set in ? 
lom the point d to a the temperature bad been increasing, 
i inoraue being doe to the progtefis of the flame ; at the point a 

increaBe ceased, and a fall set in. Take the point e, then the 
nage tempeTatnre woe 632° Centigrade ; firom e to a the time 
Fia. 19. 



m one-fiftieth of a second, and the temperature rose to 1,537" 
tigrade ; in that time it had increased by 905° ; suppose the 
3 rate of increase to continue for another one-fiftieth of a 
id, the pressure would rise to the point/, and the temperature 
Ld be 2,442° Centigrade, the pointe g &adh showed the effect of 
ter increase. But the increase had abruptly ceased at the point 
mm a to / the volume had changed so slightly that the rate of 
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r. Clerk, nitric acid formed." The question why, when maximum pressure 

was reached at the beginning of the stroke, he assumed that the 

flame had spread throughout the mass in the cylinder was much 

more to the point. From the original of the diagram. Fig. 6, 

he had taken the two extreme lines, shown at diagram Fig. 19, a 

and 6 were the points of maximum pressure. In the Paper he 

had not detailed the method used to calcidate the temperature 

attained at the point of maximum pressure ; it was necessary to do 

so before proceeding further. First he determined the exact 

volume of the space at the end of the cylinder into which the 

mixture was compressed, then on the diagram he had drawn the 

adiabatic line of compression, it was the dotted line shown at Fig. 6 ; 

the lower black line was the actual compression line drawn by 

the indicator. It would be seen that the two were as nearly as 

possible coincident. The cause of this had been pointed out. The 

temperature at the point c was known to be 150° '5 Centigrade, 

and the pressure 41 lbs. above atmosphere, and assuming the 

volume to remain constant, the temperature at a was calculated 

from the pressure 220 lbs. above atmosphere. 

Let P = pressure before ignition, and P' pressure after ignition, 

T = temperature before ignition, and T' temperature after ignition, 

then — 

FT 
1" — _ _ 

P 
both pressures and temperature absolute. In diagram Fig. 1 it 
was shown that the temperature of compression, corresponding to 
40 lbs. above the atmosphere, was 150° '5 Centigrade, and from 
these figures the^ temperature 1,537° was obtained. This was the 
minimum possible temperature, as would be observed from certain 
considerations developed at p. 21. Whether the flame had spread 
throughout the mass of the mixture or not, this was the average 
temperature. From a. Fig. 19, was drawn an isothermal line, a he, 
dotted ; at the point a the temperature had commenced to fall, up 
to that point it had been rising at a very rapid rate. The semi- 
circle drawn below the atmospheric line showed the path of the 
crank-pin, and each division represented in time one-fiftieth of a 
second; the engine was running at one hundred and fifty revo- 
lutions per minute when the diagram was taken. Comparing 
the condition of the gaseous mixture in one-fiftieth of a second 
before maximum pressure, and one-fiftieth of a second after maxi- 
mum pressure, in the first one-fiftieth of a second the average 
temperature had increased 905° Centigrade, while in the Becond 
hundredth it had diminished about 189° Centigrade. Within a 
limit of one twenty-fifth of a second there was a point where tht 
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fr. Cleik. cooling could not have increased appreciably. The amount of work 
done in that movement was also relatively insignificant, and yet 
from some cause the increase of temperature going on with such 
rapidity, 905° in one-fiftieth of a second, had not only diminished, 
but an opposite effect had set in. It could not be supposed for a 
moment that the progress of the flame had been abruptly stopped 
by any cause other than completed inflammation of the whol& 
mass. The flame which in one instant of time had been flashing 
through the explosion mixture had reached the enclosing waUiQ 
it had uniformly heated the whole combustible mass, and in th_ 
next instant the temperature began to fall ; the law of cooling tocW 
effect. The very rapid rate of rise, and the abrupt change fro:» 
rapid rise to slow fall in temperature, at a given point, showed thai 
at that point completed inflammation had been attained. The coczi 
ing which was so slow as to be unable to put an appreciable ch^<: 
on the rate of rise up to the point of maximum temperature, com. I 
not be supposed to suddenly increase to such an enormous ext^i 
as to completely absorb and overpower at that instant the effect ( 
continual spread of flame. There could be no doubt that, as Si 
William Thomson had pointed out, on diagram Fig. 6, the maxinxxin 
of the curve indicated truly the instant when the combustion was ac 
complete as dissociation allowed it to be. It was certain that at 
this point of the diagram the flame had spread completely througi 
the whole volume of inflammable mixture, and that in whatever 
way the sustaining of the pressure to nearly the adiabatic line was 
to be explained, it could not be accounted for on the hypothesis of 
a continued spread of flame. 

A little consideration of the conditions of the indicated diagram 

would show that the slower the rate of inflammation, relatively to 

the movement of the piston, the less distinct would the point of 

maximum pressure become, and the more rounded would the apex of 

the diagram appear. Nevertheless the point of completed inflamma' 

tion was easily determined from the point of maximum temperatuiei 

when near the end of the stroke this point might not be the point ol 

maximum pressure. He had been careful to make this distinctioii, 

and had said, with reference to slow inflammation, pp. 25, 26; 

— " This supposed phenomenon has been erroneously called sloii 

coLiibustion ; if it has any existence it should be called slow inflam 

mation. It has a real existence in the Otto engine only when it ii 

working badly ; but even then maximum temperature is attained 

and very distinctly marks the point of completed inflamiiiatioiL' 

On diagram Fig. 19 was shown the effect of increasing th 

Bpeed of the engine while preserving a constant rate of inflan 
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ion. If the speed were increased from one hundred and fifty Mr. Clerk. 
Dlutions per minute three times, or to four hundred and fifty 
olutions per minute, it would be found that the point a 
lid be moved forward to k and h to I. In both cases the 
iperature attained would be nearly 1,537° Centigrade, a slight 

would be observed due to increased cooling surface and to a part 
he work being done before maximum temperature was attained. 
b in all cases the maximum temperature marked the point of 
ipleted inflammation and the temperature began to fall so soon 
t was attained. For ignitions attaining their maximum very 
) in the stroke, maximum pressure need not coincide with 
siluam temperatures ; but a reference to the isothermal line 
weo^the point of highest temperature. Using an inflammable 
cture of constant composition, and varj'^ing the speed of the 
^ne, it was always found that ignitions attaining maximum 
iperature later and later in the stroke always came very near 
! isothermal line drawn from the point of highest pressure at 
) beginning of the stroke. The lines never ran over this 
thermal. This meant that, whether inflammation was com- 
jted early or late in the stroke, nearly the same maximum 
nperature was attained. It followed from the relations between 
thermal and adiabatic lines, that the lines drawn by the 
iicator from late ignitions always crossed' those from early 
ttitions. This was • shown by the diagrams taken from an 
to engine by Mr. Bousfield, for which he must thank that 
ntleman. In these diagrams, however, it was evident that 
e mixture used had not been of constant composition at 
speeds. This would be evident by examining Fig. 15. 
hen the speed had been changed from one hundred revolu- 
ims per minute in the larger diagram to two hundred in the 
laller, the increased speed of the engine had caused it to 
ke in a smaller weight of gaseous mixture, as was shown by 
e compression line leaving the atmospheric line later, and that 
e pressure on completion of the in stroke only rose to 22 lbs. per 
uare inch instead of 30 lbs., as in the other. If the mixture had 
en the same the point of maximum pressure would have crossed 

the first diagram at this point, and the pressure line would 
,ve run into the first lower down, as was shown in his 
igra)n at 6, Fig. 19. In the Otto engine the hot exhaust 
[naining in the space when each cycle was completed still 
rther complicated the comparison between different speeds. At 
B higher speeds the walls of the cylinder had less time to 
A the exhaust, and consequently the average temperature of the 
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Mr. Clerk, mixture before compression must be greater at high speeds. I 
his own gas-engine this complication had no existence, because th 
whole charge was replaced at every stroke. In Mr. Bonsfield' 
diagram. Fig. 16, the same change of mixture was evident, but her 
the change of speed of the engine was relatively greater, and conse 
quently the lower diagram crossed the upper one somewhat earliei 
In Fig. 17 this was more and more evident ; still no two of th< 
compression lines coincided, showing the proportion of exhaus 
to inflammable mixture to be continually increasing, and th 
maximum temperature attainable by the ignition consequent! 
becoming less and less. Even in diagram. Fig. 1 8, maximum tempers 
ture was attained, and could easily be discovered by calculating tl 
average temperature at each point along the line of increasin 
volume. Mr. Bousfield stated that a light applied to the exhau 
of an engine, giving diagram. Fig. 16, caused explosion, and froi 
that inferred that combustion was not completed at the end of tt 
stroke. He would find that when this happened the engine wa 
missing ignition altogether and discharging the unbumed content 
into the exhaust. He might observe that the horizontal line u 
that diagram did not mean constant temperature, but indicated 
constantly increasing temperature. Mr. Bousfield had evidently 
fallen into the same error as Mr. Imray, and confounded low 
pressure with low temperature without considering the change of 
volume. It was a characteristic of the inflammation of a gaseoofi 
mixture in mass, that so long as inflammation continued to spread, 
so long did the average temperature increase. Dissociation die 
not begin to sustain temperature until the temperature felL Ic 
the construction of the theoretical diagram Mr. Bousfield had fallei 
into error. He drew from the points F G H, Fig. 14, to A L pro 
duced, lines which he described as adiabatics, and then said thai 
the curve drawn through P Q R " represented the pressure at anj 
time in the contents of the cylinder, supposing these content 
remain confined in the space at the end of the cylinder, and no 
allowed to expand." Now the lines F G H should not be adiabatic 
but isothermals, as Mr. Bousfield's object in coiustructing th* 
diagram was to get the time taken in a closed space to attain ihi 
temperature existing in the engine at the points F G H. Th* 
points L M N should show the pressure at constant volume at theo 
temperatures. If Mr. Bousfield c€tlculated the temperature froa 
an actual diagram, he would find that maximum temperatiui 
coincided with maximum pressure when at the beginning of th< 
stroke. He thought from his remaining criticisms that Mr. Boub 
field had not understood the nature of the proof advanced in tk< 
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Paper, and that when lie had studied the subject and appreciated Mr. Cier 
the nature of the considerations advanced, he would admit the 
truth of the theory set forth in the Paper. 

It had been asked by Dr. Hopkinson whether the pressure 
rofle higher when an engine was running slowly than when it 
was running fast? Whether the pressure attained on exploding 
a gaseous mixture in a closed space and in an engine was the 
«ame? Given the same proportion of gas to air and the same tem- 
perature and pressure of mixture before ignition, then the pressure 
attained after ignition was the same in all stages where the maxi- 
nium pressure was attained at the beginning of the stroke; it 
was the same whether in a closed space or in an engine. But the 
ignition must be rapid enough at the higher rate of speed to give 
maximum pressure at the beginning of the stroke. As he had 
already pointed out, if an engine was to run fast enough it might 
overrun the rate of inflammation, and the maximum temperature 
would not be attained till towards the end of the stroke. If an 
engine was run at two hundred revolutions per minute and 
maximum pressure was attained at the beginning of the stroke, 
then however slowly that engine ran using the same mixture, 
tile maximum pressure would always be the same, it would not 
increase. Dr. Hopkinson then asked. Was the maximum pressure the 
suae in large and in small engines ? When using a similar mixture, 
the same pressure and temperature before ignition, it was the same. 
In small engines the temperature fell more rapidly than in large 
ones because of the greater proportion of cooling surface to volume 
of gases, but the maximum pressure attained was nevertheless the 
Bame because of the rapid rate of ignition. The results obtained 
in the large cyKnder to which he had alluded, and those obtained 
hy Professor Bunsen in a small tube, each showing a limit to the 
rifle of temperature which could not be referred to cooling, and 
each showing complete spread of flame, proved that the maximum 
pressure to be obtained from an explosive mixture was independent 
of the dimensions of the vessel used. Dr. Hopkinson had asked 
why, in comparing types 2 and 3 of engine, he used different 
maximum pressures ; why in the second type he used 76 lbs. per 
square inch above the atmosphere, and in the third over 200 lbs, 
per square inch. His reason was this : the three types were taken 
under conditions which have been found in practice to be the 
most favourable for each. He had compared the theory of these 
types of engine as nearly as possible under conditions used in 
practice. It was quite true that type 2 should be compared 
with type 3 under similar conditions of pressure from a purely 
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Mr. Clerk, theoretic standpoint ; but tlie object of tbe Paper bad been to 
inquire into tbe cause of tbe greater efficiency of tbe third 
type as in use against the two first also in use. It would be 
seen that to attain a pressure of 200 lbs. per square inch in 
type 2 it was necessary to compress the mixture to that pres- 
sure before ignition, the temperature of compression being nearly 
365° Centigrade. This involyed considerable loss of heat in 
the reservoir, and increased the chances of leakage while com- 
pressing ; in type 3 a pressure of 40 lbs. per square inch before 
ignition was all that was required to attain 200 lbs. after igni- 
tion. He believed that type 2 could work advantageously at a 
much higher pressure than 76 lbs. per square inch, but he ques- 
tions whether it could do so at so high a pressure as 200 lbs. The 
advantage of type 3 in this respect was a comparatively low pres- 
sure before ignition. With careful workmanship doubtless it would 
be possible to use an engine of type 2, the theoretical efficiency of 
which would be quite as much as type 3, as given in the Paper. 

The description by Mr. F. H. Wenham of his work on hot-air 
engines was interesting, and his distinction of the cylinder itself 
as the heat generator or furnace was the essential one between 
jgas- and hot-air engines, and was indeed the great cause of success 
in these engines. Mr. H. Davey had objected to his comparison 
of the efficiency of gas- and steam-engines, and considered the basis 
of comparison of efficiency used by him as an unfair one. In com- 
paring engines of the same system it was right, as Mr. Davey stated, 
to use as the standard the mechanical equivalent of the total 
available heat ; but in engines of totally different nature the only 
basis of comparison was the number of heat-units given to the 
engine, and the number of these heat-units converted into 
mechanical work. If one system was necessarily limited in range 
of temperature, as the steam-engine was, then the inquiry must 
not be how near it approached perfection within that range, but 
how much heat could another system convert into work as com- 
pared with it. In comparing steam-engines with steam-engines Mr. 
Davey was perfectly right ; in comparing them with gas-engines 
the general basis must be taken. He agreed that the speedy downfall 
of the steam-engine was not to be anticipated ; he only held that 
the gas-engine was now in its infancy, that it contained greater 
possibilities than the steam-engine, and that in the future it was 
certain to be in every way a great advance on the steam-engine, 
and likely to supersede it. 

The propriety of treating the gas-engine as an air-engine h&d 
been called in question, and he had been asked whether the specific 
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heats of air and the gaaeous mixture used were in any way com- Mr. Cle 
parable. The specific Heat of air at constant volume was 0*169, 
and the specific heat of a mixture of 1 volume of coal gas and 
12 volumes of air could not exceed 0*200, so that for the purpose 
of approximate comparison their adiabatic curves might be con- 
sidered as nearly identical. So little was known of the specific 
heat of gases at high temperature that Mr. Clerk considered it 
aiinply an affectation of accuracy to endeavour to make the compari- 
son closer. He was aware that the efficiency of a heat-engine was 
independent of the nature of the fluid employed, provided the 
temperatures between which the engines worked were the same — 
that "was provided there was the same difference between source 
and refidgerator. But this was just where the steam-engine 
fikiled. Given equal amounts of heat from the same source, in the 
steam-engine the high temperatures could not be utilised, because, 
first, a certain quantity of heat had to be expended to change the 
physical state of the water ; and as the steam produced was re- 
jected as steam all the heat so expended was lost for the purpose 
of procnnng high temperature. With air, on the other hand, 
the same quantity of heat from the same source, a much higher 
temperature was attained, and consequently a greater range of 
temperature due to work performed. The use of steam necessitated 
a limited range of temperature, and the discharge of all the heat 
used in converting water from a liquid to a gas. It had been 
argued that in engine type 2 he had over-estimated the efficiency, 
and made it greater than was possible from a perfect heat-engine 
working between the limits of temperature used. Mr. Bamber 
had fallen into error by mistaking the limits, and in this he was 
not alone. This type of engine presented very interesting pecu- 
liarities in theory, which, so far as he was aware, had hitherto 
been missed by writers on thermo-dynamics. Although 1,537® 
Centigrade was the maximum temperature, and 1,089° Centigrade 
the temperature of discharge with the exhaust, yet these tempera- 
tures were not the limits within which the engine was working ; 
the refrigerator, which was at atmosphere temperature 17° Centi- 
grade, was being used to a certain extent without being apparent. 

The diagram was not a simple one ; the efficiency 0*36 was the 
result of the united action within two different limits. The 
diagram from 1,537° Centigrade to 1,089° Centigrade was the 
same both in types 1 and 2, and working between these limits 
the maximum possible efficiency was • 247 ; but in type 1 this 
efficiency was not attained, because at 1,089° Centigrade the air 
had not the same density as before expansion, and some work had 

[the mST. C.E. VOL. LXIX.] G 
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Mr. Clerk, been expended in changing the volume to twice its original 
amount. If before heating the air had been compressed slightly, 
then heated to 1,537° and expanded to its original volume, and 
lowered in temperature due to work done to 1,089°, the duty would 
be • 247. If in type 1 a condenser were used, and the temperature 
reduced to 17° Centigrade, the additional work obtained, would raise 
its duty to • 247, without this it remained at • 21. In both types 
the efficiency between the limits 1,537° Centigrade and 1,089° 
Centigrade was the same ; but in type 2 a considerable amount 
of work was obtained in the earlier part of the diagram, a certain 
amount of work was done on increasing temperature from 21 7° '5 
Centigrade to 1,537°, and a considerable proportion of heat could be 
converted into work on an increasing temperature, still conforming 

T — T 

to the law — = — - as the maximum possible between the limits. 

In type 2, to a certain extent, the refrigerator at atmosphere 
temperature was made available in a portion of the action, and 
consequently a portion of work done on increasing temperature, 
while the latter half of the stroke was accomplished on falling 
temperature. This was the reason why a greater efficiency -was 
got than the apparent limits would allow. Mr. Bamber then 
argued that it made no difference whether it was necessary to use 
an air-pump or not, if only the same quantity of heat were con- 
sumed and the same theoretic efficiency obtained. In practice it 
made all the difference; the great cause of failure with hot-air 
engines was not imperfect theory but very low available pressures 
combined with high maximum pressures. Nearly all the power 
indicated was used up in friction ; in the earlier gas-engines the 
average pressures were very low also. The advantages of com- 
pression were a high available pressure, small cooling surfaces, 
and small loss by friction. There the efficiencies depended on the 
range of source and refrigeration ; but compression allowed all this 
to be attained under practical conditions. It was hardly necessary 
to explain that there was a certain maximum efficiency for heat- 
engines. What he had shown in this Paper was that a greater . 
proportion of this was possible under working conditions with 
compression than without. 

The parallel by Mr. Cowper between slow inflammation and 
imperfect admission of steam in a cylinder was very just, and 
illustrated the great loss of power and heat involved by imperfect 
mixing of gas and air, or by failing to attain maximum pressure 
as soon after firing as practicable. It was only by a constant 
appliciition of theory to practice, and a constant testing of results 
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obtamed by varying conditions, tliat he had been able to produce Mr. Clerk. 

the diagram which Mr. Cowper approved. The amount of gas 

oonmnmed by his 6-HP. engine was 22 cubic feet per 1 HP. per 

lurar. Of course in cost this did not stand comparison with the 

ooal used by a large modem steam-engine ; the steam-engine had 

greatly the advantage ; but compared with a small steam engine 

it was economical. When gas was manufactured expressly for gas 

engines it need cost but little more than the coal used to produce 

ity and as the gas need not be illuminating all the carbon might 

be converted into gas. The gas might be in fact a mixture of 

carbonio oxide and hydrogen. 

The accuracy of his determination of temperature had been 
questioned by Mr. J. MacFarlane Gray, who considered it vitiated 
by cliange in specific heat of glowing gas as against a cold gas. 
That determination was independent of specific heat and was in 
fact deduced from the law of Charles. As Professor Eiicker had 
Temarked, increase in specific heat must be due either to dissocia- 
tion or incipient dissociation, and the recent experiments of 
Messrs. Mallard and Le Chatelier thoroughly supported his con- 
obudons on the phenomena of cooling a uniformly ignited gaseous 
mixture. Mr. Gray had misunderstood his argument in stating 
that he supported Mr. Crossley's views on slow ignition. Mr. 
Crossley and Mr. Otto's supporters had always stated substantially 
if a mixture of gas and air was exploded the pressure would rise 
instantaneously and fall almost instantaneously. Indeed Mr. Imray 
had defined this as the difference between explosion and slow 
oombustion, and in support of this statement he had referred to 
the diagram, Fig. 12. This diagram Mr. Clerk had shown to be 
completely wrong, and an impossible one. He had also shown 
Mr. Orossley's statement of maximum temperature attained on 
that diagram to be without foundation ; indeed to be contradicted 
by the diagram itself. Holding, as the advocates of slow ignition 
did, that cooling was so rapid, it was consistent that they should 
believe that it was necessary to keep up the flame by spreading 
to sustain the pressure. But this necessity was exactly what he 
had always denied. He had shown that the flame went com- 
pletely through the whole mass at the beginning of the stroke, 
and that the cooling of the gases was comparatively a slow process. 
In this he was confirmed experimentally by all scientists who had 
"worked on the subject, and was supported by the conclusions of 
Sir William Thomson. It would not be easy to imagine two theories 
more widely differing than his own and Mr. Otto's. 
The remarks by Mr. MacFarlane Gray on the Otto engine and 

G 2 
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Mr. Clerk, the expenditure in repairs seem hardly within the scope of a discu»- 
sion on theory. Mr. J. E. Dowson had said that in all experiments 
on dissociation the gases were not confined under pressure, and 
that this pressure would have some effect in reducing the amount 
of dissociation. He would point out that Professor Bunsen's ex- 
periments resulted in a pressure of 11 atmospheres, that Messrs. 
Mallard and Le Chatelier s more recent experiments were also 
made under pressure, and that they both proved that either dis- 
sociation, or incipient dissociation, as shown by change in specific 
heat, took place in every ignited gaseous mixture. It would be 
difficult to make the tests suggested, and when made they w^ould 
not really bear on the question, as they would only show that the . 
cooling made it impossible for a portion of the gases to combine ; 
the actual amount of dissociation existing at the high temperature 
could not in that way be determined. He agreed on the necessity 
for further experiment on dissociation with simple gases. Sir 
William Armstrong considered the gas-engine superior to the 
steam-engine as a heat-engi^ie, but thought that the great diffi- 
culty consisted not so much in the engine as in the convenient 
generation of gas for it. This was certainly the great difficulty 
at present in the way of making the gas-engine do all that the 
steam-engine could do ; but he had no doubt that a gas-generator 
could be made to use all the fuel, and to give gas as safely, and 
with as much ease, as a steam-boiler gave steam. He believed 
that in this matter Mr. Dowson had made a step in the right 
direction, and he was sure that it was only a matter of time to 
produce a generator as* manageable as might be necessary for 
every condition of use. 

The experiment which he had the pleasure of showing to Sir 
William Thomson and to his friends from Glasgow University, at j 
the Crown Iron Works, was to determine the nature of the" gases in j^ 
the motive-cylinder of his engine before compression, at a point i 
near the piston. The apparatus was shown in position on the engine % 
in Plate 1, Fig. 1. Figs. 2 and 3 were elevations of the exterior; i 
Fig. 4 was a sectional elevation, and Fig. 5 was a sectional plan, 
giving details of the principal parts. The general action of the 
engine was this : in the cylinder A moved the piston a whioh 
served simply to take in the gaseous charge, and at the proper 
time to force this charge into the motor-cylinder, displacing at 
the same time the products of the previous combustion. This 
cylinder — which he called the displacer-cylinder — took into it for 
two-thirds of its forward stroke an explosive mixture of gas and 
air; the gas was then cut off, and air alone admitted for the 
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irnnaJT^ing third. The cranks of the displacer- and motor-cylinders Mr. Clerk. 
were so arranged, that when the motor-piston began to pass 
drer annular parts at the out-end of its stroke, the displacer- 
piston 'was moving in. As soon as the pressure in the motor 
Cjliiider had fallen to atmosphere, the automatic lift-valve C 
lose, and the charge from A flowed into B at D ; the air which 
tatered last leaving first, and entering the cylinder in advance 
rtT the inflammable mixture. The effect of this arrangement 
to prevent premature ignition of the charge by the hot 

inrhich were being expelled through the exhaust. The 
j^Msity of the displacer-cylinder was greater than the united 
▼oltiiiie of space at the end of the cylinder, and the volume swept 
by the motor-piston from the moment of closing the exhaust ; the 
ooiiiseqnence was that a portion of the contents of the displacer 
cylinder passed through the motor-cylinder, and away in the 
exhaust pipe. It was intended that the portion which passed 
away should be nearly pure air, and that what remained should 
• be inflammable throughout. The motor-piston thus compressed 
the cool fresh charge, which was ignited when the crank was 
, crossing the in-centre. He wished to determine whether the mix- 
ture next the piston was inflammable or not. On Fig. 1 , Plate 1 , was 
shown a small cylinder communicating with the motor-cylinder at 
a point 4 inches from the exhaust port ; it contained a piston, kept 
in position with a catch. As soon as the catch was let go, the 
{HSton moved rapidly up, propelled by a spring; at the same 
time the stopcock F opened. When the motor-cylinder received its 
charge, and the piston was on its return stroke, wherever it had 
dosed the exhaust port 1 inch, and was within 3 inches of the 
aperture G, it let go the trigger, and the small piston moved up. The 
engine running at one hundred and fifty revolutions per minute, the 
xaotor-piston occupied one-twentieth of a second to move the 3 inches, 
and in the same time the smaller piston had reached the top of its 
i^linder, taking in a charge, which was an average sample of the 
cbarge in the cylinder from 3 inches to the piston itself. The stop- 
cock F then had closed, and the charge could be examined at leisure. 
On opening the trial cock, and applying a light, the mixture 
invariably exploded. This proved that the charge in the cylinder 
of bis engine was inflammable up to the piston. He found by ex- 
periment that the small piston took about one-twentieth of a second 
to rise, because if the spring were let go any later than when the 
aperture was 3 inches from the piston, it did not reach the top of its 
stroke before the motor piston had crossed the aperture. This was 

seen by the movement being suddenly checked near the top of 



78 CORBESPONDENCE ON THEORY OP GAS-ENGINE. [Minutes of 

Mr. Clerk, the stroke, and the piston hanging without striking the rubber buffer 
placed there. To those who had followed the proof in the Paper 
and in this reply, it was unnecessary to show that air in front of 
gas and air was not required to produce a diagram of rapid rise 
and slow fall. To those who had not done so, this experiment 
at once appealed, and proved that this diagram had been produced 
with an explcMsive mixture throughout. No more convincing proof 
of the fallacy of the Otto theory could be given ; according to Mr. 
Imray, such a mixture should give a- rapid rise, and as rapid a 
fall. It should give a diagram similar to Fig. 12. 

The average composition of the mixture when diagram Fig. 6 
was taken was 1 part of gas and 12 parts of air — a mixture 
identical in composition with that used in the Lenoir engine. 

While giving every credit to Mr. Otto as the first to make 
compression commercially successful, he dissented from the belief 
that it was necessary to prevent fall by the expedient of slow 
inflammation. That success was attributed to a thing which 
had no existence except when the Otto engine was working 
badly, and was then attended with great loss of power and 
heat. By great knowledge of gas-engine detail, Mr. Otto had 
been enabled to be the successful adaptor of compression, but not 
the inventor of a new system. It was evident that Mr. Otto 
completely misunderstood the very conditions of his own success. 
Compression — and compression only — was the cause of the great 
superiority of the modem gas-engine ; the composition of gaseous 
mixture used was capable of great variation without substantial 
change in duty, and it was unnecessary to dilute a mixture below 
the point of ea^y ignition at atmospheric pressure. 

Correspondence. 

Dr. Adams. Dr. J. Adams found difficulty in verifying the figures in Mr. 
Clerk's Paper owing to the absence of the Table referred to in p. 7*, 
which was said to contain the data used throughout the calcula^ 
tions. At the same time he had satisfied himself of the ability . 
and practical value of the communication, and of the cleamesB ; 
with which it demonstrated principles for which the Author con- ' 
tended. Although he meant to direct attention to some points of 
detail that might be amended, they did not affect the Author's 
general argument. He had looked carefully into the thermal 
values assigned by the Author for coal-gas, and he thought it 
would have been well that any assumption of fixed values should \ 
have been accompanied with an emphatic recognition of the fact 

* Since gnpplied, p. 34.— Sec. Inst. C.E. 



fi 
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that there were various methods of estimating, that these gave Dr. Adai 
materially diflferent results, and that at best they were only rough 
approsdmations of the truth. Hitherto in the few estimates of 
the heating power of coal-gas that had been published, it had been 
the usage to assume the aggregate full thermal value of the ele- 
mentary constituents, carbon and hydrogen, when these were 
completely burned in air.^ But these elementary constituents 
existed in the gas in the form of distinct combinations, which were 
grouped en masse to form the bulk of coal-gas, and each combina- 
tion had its own separate thermal value. It was therefore desir- 
able that the principle should be indicated on which the heating 
values of Manchester and London gas referred to were determined. 
If in accordance with frequent usage the thermal values of 
hydrogen and of carbon had been separately estimated, it must 
then he borne in mind that, although there was a sufficiently 
oommon agreement regarding carbon, there was on the other hand 
a somewhat wide range in the imputed value of hydrogen, and 
reference might be made to half a dozen standard authorities, each 
of "which gave a separate value. So far as he could guess the 
Anther had adopted the determinations of Messrs. Faure and 
Silherman, and these had long been the generally accepted autho- 
rities, although the more recent determination of Thomsen, corro- 
borated as it had been by still more recent observers, had a higher 
claim for accuracy. He further noted that in expressing the 
Yalnes in foot-lbs., the Author did not adopt the most recent deter- 
mination of the equivalent of one British thermal unit. The 
Talne assumed by him was 772 foot-lbs., and that was the value 
assigned until lately. But it seemed not yet sufficiently known 
that two important re-determinations of that value had been 
recently completed. The first of these re-determinations was by 
[ Dr. Joule,* who determined that 772*65 foot-lbs. was the quantity 
of 'work required to raise the temperature of 1 lb. of water, 
-weighed in vacuo, from 60° to 61° Fahrenheit. But since publish- 
ing that result,^ Dr. Joule had compared his mercurial thermometer 
-with the perfect air thermometer of Professor Kowland, of Balti- 
more, and applying the corrections calculated by Professor Eow- 
land for the difference between Dr. Joule's thermometer and the 
perfect air thermometer, it was found that the addition of 2*94 
foot-lbs. to the mean of 772*5 was necessary; thus 775*47 foot-lbs. 



' For examples and rules for estimating the heating power in the manner 
indicated, see Minutes of Proceedings, Inst. C.E., vol. xl., p. 150 ; also " Manual 
of BuleA, Tables, and Data,*' by D. K. Clark, 1877, pp. 457-8.— J A. 

• Fhiloeophioal Transactions, 1878, p. 365. 

» « A Dictionary of Chemistry." Bv Hcnrv Watts. 3rd Supplement, 1881, 
p. 1,926. 



80 C0RBE8P0NDBNCB ON THEORY OP GAS-ENGINE. [Minutes of 

Dr. Adams, was the absolute corrected determination for Manchester. He 
would now show how far these preliminary observations affected 
the figures givenby the Author, and for illustration he took the 
paragraph which referred to Manchester gas, and quoted it entire. 
"Of this gas 1 lb. at atmospheric pressure and 17° Centigrade 
[62° F.] measures 30 cubic feet, and evolves on complete combus- 
tion 10,900 heat-units Centigrade, [19,620 units Fahrenheit], 
equivalent to 15,146,640 foot-lbs. One cubic foot of this gas will 
therefore evolve, on complete combustion, heat equivalent to 

Hlii^ = 604,888 foot-lbB." 

The number of cubic feet per lb. in gas was a mere question of 
arithmetic, and the Author had certainly made some slip in his 
calculation, for this gas carefully computed, measured at the tem- 
perature of 0° Centigrade, or 32° Fahrenheit, 27-09 cubic feet 
per lb., and at 17° Centigrade, or 62° Fahrenheit, it measured 
28 • 74 cubic feet per lb. If, therefore, the estimate for heat-units 
was assumed to be correct, and if the correction of 28*74 cubic 
feet of gas and of 775*47 foot-lbs. was substituted, then 

15 214 741 

— Ty^l. — = 529,392 foot-lbs. per cubic foot of gas. The Author's 

estimate for foot-lb. per cubic foot of gas was therefore mate- 
, rially modified by the correction per cubic-foot gas, and for footTlbs. 
per Fahrenheit-unit. 

But he was not satisfied with this estimate of heat-units, 
because uncertain whether it was based on thermal values of the 
elementary constituents carbon and hydrogen when separately 
burned (and this was the conventiohal method), or whether it 
had been calculated as thermal values of the combinations of 
gases which in their aggregate composed coal-gas. The dif- 
ference was material as he would now show, by presenting his 
own valuation of the same gas, in three estimates, each computed 
from a separate basis of factors. 

In the first he would adopt the customary, but in his opinion 
altogether erroneous and greatly misleading, principle of calculat- 
ing the full thermal values of the elementary constituents. He 
found that 1 lb. of the gas at 62° Fahrenheit thus computed 
evolved 11,520 heat-units Centigrade, or 20,736 heat-units Fahren- 
heit; and the latter, multiplied by 773*47 foot-lbs., and the 
product divided by 28 * 74 cubic feet of gas, gave 559,504 foot-lbs. 
per cubic foot of gas. 

But this was not a reliable estimate, for the full thermal power of 
hydrogen could never be obtained when burned as a fuel. Hydrogen 
when burned in air, either alone, or in combination, always secured 
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its full combining proportion of oxygen, and water was formed in Dr. Adan 
the process of combustion. That water instantly absorbed and 
rendered latent about one-sixth portion of the entire heat evolved, 
and the amount of heat so rendered latent was consequently a 
large discount from the effective heating power of hydrogen. 
Thus the absolute heat obtained from the combustion of 1 lb. of 
liydrogen was capable of raising, by 1° Fahrenheit, the tempera- 
tore of "61,524 lbs. of water, and was therefore equivalent to 
61,524 heat-units Fahrenheit. But of these, 9,900 units, at the 
moment of combustion, were absorbed and became latent and non- 
eflfective, leaving only 51,624 units to represent the actual or prac- 
tical heating value. Subject to this deduction and computed 
from the heats of the elementary constituents, he now presented a 
second estimate of Manchester gas, which brought out a very 
different result from the previous estimate. 1 lb. of this gas 
thus computed evolved 10,411 heat-units Centigrade, or 18,740 
heat-units Fahrenheit, which, multiplied by foot-lbs. and divided 
by cubic feet of gas, as in the last estimate, gave 605,647 foot-lbs. 
per cubic foot of gas. But neither was this a reliable estimate. 
For, as already stated, each combination of carbon and of hydrogen, 
and of either of these with oxygen, which were grouped in the 
aggregate composition of coal-gas, had a distinctly separate heat- 
ing value. In a communication " On the Heating Power of Coal- 
Gas," ^ he had entered with tolerable fulness into this question, 
and had given a Table of the heating values of the individual 
combinations, together with an exposition of the contrasts pre- 
sented in estimates of the heating power of various coal-gases, 
according as these estimates were based on the combustion heats 
of elementary constituents or of gaseous combinations. There 
were combinations of hydrogen with carbon, such as marsh-gas, 
which evolved less heat than was obtainable from these elements 
when burned separately, and there were combinations of hydrogen 
with carbon, such as defiant and acetylene, which evolved a 
larger amount of heat than was obtainable from these elements 
when separately burned. So much carbon was present in carbonic 
oxide, and it then yielded only about one-third of the heat evolved 
by carbon alone; and so much carbon was present in carbonic 
acid, and in that combination carbon yielded no heat whatever. 
Therefore an estimate wherein the combustion heats of these coii\- 
binations were separately computed, gave a nearer approximation 



1 British Association of Gas Managers. Report of Proceedings, June 1881, 
p. 101. 
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Dr. Adams, to the truth, for it was de fado an aggregate summation of the 
values ohtained in experimental tests of the comhinations sepa- 
rately determined. 

He therefore presented a third estimate of the heating power 
of Manchester gas, hut this time framed on the principle of com- 
puting separately the heats evolved by the proportion of marsh - 
gas, of defiant gas, &c., contained in the mixture constituting the 
coal gas. 1 lb. of the gas so estimated evolved 10,478 heat- 
units Centigrade, or 18,860 heat-units Fahrenheit, and the latter 
multiplied by foot-lbs., and divided by cubic feet, as in the two 
preceding estimates, gave 508,885 foot-lbs. for 1 cubic foot of the 
gas. And this last estimate was the most reliable and most in 
accordance with the discriminating use of scientific data. The 
Author had supplied some figures which represented his idea of 
the difference in heating power of different coal-gases. These 
were based on two analyses oi London gas, while with reference 
to Glasgow gas with which his experiments had mostly been 
made, he stated that he had b^n unable to obtain an analysis, 
but he inferred that as Glasgow gas had high illuminating power, 
it " will be richer in defines, and the heat evolved per cubic foot 
will be somewhat greater." He was pleased to be able to give 
greater precision to the estimates of heating power, as well for 
London as for Glasgow gas. In his Paper on the " Heating Power 
of Coal Gas," already referred to, te gave detailed analyses of 
eight London gases of average quality, and as one of the analyses 
comprised an average of six examples, there was obtained, by 
throwing the whole into one, an average of thirteen analyses of 
London average gas. At the date of his Paper there existed no 
analysis of Glasgow gas, but he then expressed his confident 
anticipation that when such an analysis was made, it would show 
such quantities of the heavy hydrocarbons in which Scotch Cannel 
coals were admittedly very rich, as woidd make it probable that 
credit might be taken in calculations for a much higher thermal 
power than had been suspected. That anticipation had been 
realised. Dr. Mills of the Young Chair of Technical Chemistry in 
Glasgow, had made an analysis of Glasgow gas and had favoured him 
with a copy, of which he had made authorised use in a pamphlet on 
J;he " Gas Question : Economic and Sanitary," published last month. 
It showed that the heating power of a rich Cannel gas was 
not merely " somewhat greater" as the Author supposed, but 
that it was very considerably greater. He presented in a 
Table the chief points of interest in the present connection 
which had reference to the heating power of London, of Man- 
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ohester, and of Glasgow gas, calculated by himself from the Dr. Adan 
authorities subjoined, and as the several estimates had been com- 
puted as a uniform principle, and that principle the one which 
gave the most reliable result, they afforded a reliable contrast. 

Table computed for Temperature 62° Fahrenheit. 
Foot-lbs. 7Y6'47 for 1 unit Fahrenheit. 



per lb. 



Cubic feet of gas 
Centigrade heat-units . 
Fahrenheit „ 

„ per cubic foot 
foot-lbs. 



yf 



a 



>f 



>» 



>» 



London Oas. 

Average of 

13 Analyses. 



'34 10 

11,911 

21,440 

628-7 

487,568 



Manchester 
Gas. Bunsen. 



Glasgow Gas. 
Dr. Mills. 



28-74 
10,477 
18,860 

656-2 

508,885 



22-4 
11,804 
21,248 

948-6 
735,588 



Mr. St. John V. Day had noticed one point in the Paper to Mr. Day. 
which he desired to refer, namely the quantity of gas consumed 
per IHP. in the Otto (Crossley's) gas-engine. The Author had 
given this on the authority of Mr. F. W. Crossley in a letter to 
*• Engineering," as 21 cubic feet per IHP. per hour, but he did not 
state what particular gas was used in obtaining that result. Mr. 
Day's experience of the Otto engine working with Glasgow gas 
was that the best result showed 22 cubic feet per IHP. per hour, . 
and it was, he thought, safe to say that generally a larger quan- 
tity of such gas was consumed. He had been the convener of the 
jurors on motors at the recent Exhibition in Glasgow of Gas 
Utilising Apparatus, and with his co-jurors he had made a number 
of tests of an 8-HP. Otto engine. The best result obtained was 22 
cubic feet, and he thought it only fair to add that nothing was left 
undone to render those tests as accurate as- possible. There was, 
however, another important point which, in the tests referred to, 
they took some pains to ascertain with accuracy, namely, the 
quantity of energy consumed in overcoming the internal friction of 
the engine, loss by radiation, &c., and this was found to average 
2 • 60 HP. In computing the actual work given out at the crank- 
shaft of the engine, they used the dynamometer, or " ergometer," 
of Professor James Thomson. To speak then of the cubic feet of 
gas utilised per IHP. really conveyed no information as to the 
efficiency of the engine. It only gave the means of calculating the 
efficiency of the gas used as a motive agent under certain known 
conditions of initial pressure and temperature, and with a given 
composition of gas ; the thermal coefficient of coal-gas being a 
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Mr. Day, very variable element, and the conditions affecting it appearing at 
present far from being ascertained. With Glasgow gas as it was, 
and without any analysis of it having yet been published, the 
foregoing figures showed that the actual quantity of gas utilised 
per HP. per hour given out "by the Otto engine was 28 to 28-25 
cubic feet. This included both the gas burned in the cylinder, as 
well as that consumed by the pilot burner. The gas consumed by 
the pilot burner was 1 • 50 cubic foot per hour, so that the quantity 
of Glasgow gas converted into work done was 20 • 5 cubic feet per 
IHP. in the cylinder of the 8-HP. Otto (Crossley's) engine, or 
26*5 cubic feet per HP. given out at the crank-shaft of the engine. 
During the testing the gas consumed both in the cylinder and at 
the pilot burner was continuously measured by Glover's standard 
dry meters, placed on separate pipes, leading to the cylinder and 
pilot burner respectively. 

It appears further from the Paper that in the Author's engine 
the actual consumption of gas was 22 cubic feet per IHP. per 
hour, which was identical with the best results which Mr. Day 
obtained with the Otto (Crossley's) 8 HP. engine, showing that 
the gas was equally well burned in the cylinders of both the 
Otto and the "Clerk engines ; but the Paper did not mention the 
quantity of work given out at the crank-shaft of the Clerk engine ; 
in other words, the energy consumed in radiation, overcoming 
friction, &c. Therefore, data were apparently wanting fully to 
compare the efficiency of the Clerk engine with other forms of gas 
engines. He, of course, in the foregoing remarks, supposed the 
engines to be in fair good working order, and that there was no 
undue tightness of piston-packing, stuffing-boxes, or bearings. 

Ericsson. Mr. J. ERICSSON of New York could not admit the assumption that 
steam-engines on a very small scale gave an efficiency of only 4 
per cent. The following was an extract from a report on Erics- 
son's high-speed single-cylinder steam-engine : — ** The success 
was complete from the start, the engine on the second trial 
developing 12*3 HP., the speed being 1,230 revolutions in the 
minute, while the steam-pressure admitted to the valve-chest of 
the engine was 55 lbs. per square inch, worked with half expan- 
sion. The friction-brake, under which the engine operated^ was 
loaded with 33 lbs. at a distance of 19 J inches from the centre of 
the crank-shaft, the load thus acting in a circumference of pre- 
cisely 10 feet; hence nn n~~ =^2*3 HP. useful energy 

developed, apart from the energy absorbed by friction. The 
engine is non-condensing and consists of a single vertical steam- 
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eylinder of 5 inches diameter, and 3 inches stroke. The weight of Mr, Eric 
tlie engine independent of the friction pully, 15 inches in diameter, 

10 sas lbs." 

Mr. H. E. Jones remarked on the importance of the fact demon- Mr. Jon 
strated, as to the superior potentiality of the combustion of carbon 
in a gaseous form within the cylinder of the engine, as compared 
with its combustion in the furnace of a steam-boiler. A new and 
important era had been opened in the history of gas-lighting by 
ihe perfection of the engines under discussion. With regard to 
the question as to the influence of the dissociation of gases at the 
higk temperature obtained by the ignition of the gas mixture, in 

' delaying the expansion in the cylinder, or whether that effect 
"was due to the slow combustion of the mixture of gas and air 
i^herein the proportion of gas was smaller at that portion of the 
cylinder more remote from the point of ignition, he thought much 
might be learnt from a consideration of the circumstances of the 
explosion which took place some time ago in the Tottenham Court 
Bead, in a large gas pipe belonging to the Gas Light and Coke 
Company, wherein it was afterwards shown that a considerable 
time elapsed between the successive breaches caused in the main 
by the explosion, as it ran back from the point of ignition towards 
the point from which gas had originally leaked into the main, so 
that there was stated to have been five or six distinct and 
separate explosions at intervals of many seconds. In this case the 
length affected being something like eight hundred times the 
diameter, it would be impossible for the remote portion of the 
mixture of gas and air to have been so heated as to have brought 
about the dissociation of the elements of the gas ; and it might be 

' concluded that the delay could only have been the result of the 
necessary time . for the inflammation to travel, which was practi- 
cally the slow-combustion theory of Otto. Indeed, he had fre- 
quently noticed this slow combustion in accidental explosions that 
had taken place under his observation. He had recently seen a 
new type of gas-engine in which, by adding a cover and gland to 
the forward end of the cylinder, the back stroke drew in the 
measure of air, which by the explosion was driven into the com- 
pression chamber, and thus did away with the loss of every second 
stroke of the engine as in the Otto type, and saved the necessity 
for the duplicate air cylinder which was the characteristic of the 
Clerk type. He believed that, at the present moment, there was a 
great practical want of mechanical adaptation of these engines to 
cranes, lifts, and other machines. For some of these purposes 
their forms as arranged by the makers did not lend themselves to 
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Mr. Jones, such adaptation, and he would urge on persons interested in these 
engines the necessity for designing the bed-plates and other 
portions either combined with other machines, or so planned as to 
be readily adapted, as in the case of steam-engines. He had felt 
it so desirable to illustrate the usefulness of this class of engine, 
that he had recommended it and employed it for a large variety of 
purposes, driving lathes, hoists, &c. 

The facility with which the power in the shape of gas could be 
distributed, rendered these engines likely to supersede hydraulic 
machinery, wherein, while the transmission of the power was 
easily and cheaply managed, there was the risk of frost to be 
guarded against, leakage of water, and always the- danger of 
employing high pressures in vessels and conduits necessarily for 
the most part of cast iron, and therefore of unreliable strength, 
from hidden defects of metal. He had found the repairs of 
such engines as he had used exceedingly small. For the first 
three years, probably, the expense was confined to the facing 
of the slide valve in the Otto engine — a very simple matter. 
Touching upon the suggestion that these engines were handi- 
capped by their use principally depending upon gas prepared for 
illumination, such gas was by no means disqualified either by its 
cost or by its illuminating property. It was true that gas con- 
' sisting of hydrogen and carbonic oxide was available for this 
purpose, but those who had used it admitted that it required five 
volumes of such gas to compete with one volume of gas containing 
that proportion of carbon which was necessary for illuminating 
purposes. In all the calculations which had been submitted to the 
public of the cost of the cheaper gas sufficient allowance had not 
been made for labour and supervision, or for the cost both in wear 
and tear and interest on capital for the buildings, area, and foun- 
dations necessary. But nothing that had been brought out yet 
would tend so much to cheapen the supply of gas in districts 
where it was already suppHed for iUuminating purposes, as the 
introduction of these engines, which by consuming gas in the day- 
time would save both in distributing- and storing-plant, and, by 
equalising the demand, enable the gas supplier to work at much 
lower cost. 

He conceived it to be the plain duty of gas companies to lend 
inventors and those interested in these matters every assistance 
possible, and he should be glad to afibrd opportunities to any 
persons to make trials of engines of similar sizes and engaged in 
similar duties, both of their effectiveness and of the economy of 
their action. 
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Professor A. B. W. Kennedy said that several months ago he Prof. Kenn 
JaOid had occasion to work out some gas-engine indicator cards, 
and in certain respects the results agreed extremely well with 
ibose given by the Author, p. 19, although obtained by quite dif- 
fsreat methods of calculation. Taking an indicator diagram of a 
3-HP. Otto engine — an average diagram from those taken at the 
Erfort trials — and taking the quantities of gas, &c., given in the 
pfaMislied results of those trials, he obtained the following 
results: — 

Foot-lbs. Per cent. 
Mechanical equivalent of heat due to the complete) 

combustion of the gas used per (effective) stroke? 11,000 

ikbout / 

Work done per (effective) stroke, by diagram . . . 2,050 = 18*6 

Mechanical equivalent of heat discharged . . . . 3,250 = 29*5 

„ not accounted for. . 5,700 = 51*9 



» »> 



2 050 
Actual efficiency of engine jj^g = 0-186. 

Maximum temperature in cylinder (about) 1 ,900® Fahrenheit. 

Maximum efficiency which could be attained by a perfect engine working 

between the same limits of temperature (say ^0° and 1,900® F.) = 0*77. 
Batio of work actually done to work which could have been done had the 

engine been a perfect one, #rr««A = 0*241 or 24*1 per cent. 

The engine had, so far as could be calculated, a much lower 
temperature than that mentioned by the Author ; but in other , 
Teapeois it worked similarly, and the proportions of heat utilised, 
lejected and unaccounted for were almost identical, as would be 
seen on comparison of the figures. Going a step further, he found 
that the sudden rise of pressure at the beginning of the stroke 
oorresx)onded only to about 3,970 foot-lbs. of heat, while the whole 
heat accounted for was 2,050 -f- 3,250, or 5,300 foot-lbs., leaving 
1,300 foot-lbs. to be taken up by the gases after the stroke had 
fairly begun. He had thought it probable that this might be 
treated as being taken up approximately at constant pressure, and 
if BO the diagram should show a kind of cut-off point at about 9 
per cent, of the stroke, which many of the diagrams certainly did 
bIiow very distinctly. The method of accounting for the incom- 
plete combustion, so ably put forward by the Author, had not 
ooctiTred to him. Professor Kennedy did not feel able, however, 
to agree with the Author in assuming (unless he misunderstood 
him) that the balance of heat unaccounted for must have passed 
through the cylinder walls. How much passed through the cylinder 
walls could surely be easily ascertained by measurement of the heat 
carried away by the water ; but without direct proof, he thought 
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Kennedy, it probable that the greater part of the 51 or 52 per cent, of he 
not accounted for was never developed at all, the combusti* 
simply being imperfect. This appeared to be quite consiste: 
with the Author's theory, for the temperature at the end of tl 
expansion was still very high, about 1,550° Fahrenheit. It won 
be interesting if the Author could give any experimental resn] 
as to the quantity of heat carried off by the water jacket. Profess 
Kennedy thought that in some matters connected with the efficient 
of engines of different types the Author's figures were open to 
little correction. The efficiencies of the Ericsson and Stirlii 
engines were correctly quoted from Professor Rankine as 0* 
and • 30 respectively, but there could be no doubt that these figni 
were much too high. Examination of the calculations by whi 
they were obtained showed this ; for to have obtained any such ej 
ciencies these engines must have worked absolutely as perfect hea 
engines with the exception of a certain loss in the regenerator 
whereas their whole furnace arrangements were extremely faultr 
In the case of the Stirling engine, an examination of the origini 
records showed that the HP. assumed was the maximum oco 
sionally obtained for a short time, and not the average IIP. com 
spending to the other conditions of the problem. For the Ericssc 
engine there were no trustworthy data, and the temperature hs 
been practically taken arbitrarily. The actual maximum theoretic 
efficiency of an engine working between the same temperatures i 
Stirling's was about • 45 ; the efficiency really attained was • 1 
(and not • 30), or 35 per cent, of the maximum, an extraordinari] 
good result. 

That a steam-engine " does not convert more than 10 per cen 
of the heat used by it into work " was certainly true. But it mu 
not be forgotten that it converted into work much more than Z 
per pent, of all the heat which it was possible for it to convert ixm 
work. In the engine-trials described by Messrs. Bryan Donk: 
and Co.,^ the temperatures were such that only 32 per cent, of tJ 
whole heat could have been transformed into work, even had tJ 
engine been perfect. The engines actually did turn 9 • 2 per cen 
of the heat into work, or 37 per cent, of the duty of a perfet 
engine. In the account of an engine-trial* at Blackburn recent! 
published by Mr. Michael Longridge, M. Inst. C.E., the theoretic 
maximum efficiency of the engines was only 29 per cent.; the 
actually worked to 12*7 per cent., thus transforming into wor 
no less than 43 per cent, of the heat which a perfect engi= 

* Minutes of Proceedings Inst. C.E., vol. Ixvi, p. 278. 

- The record of this trial is in the Library of the Institution. — Sia Ian. C 
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aonld have transformed into work. The theoretical efficiency of a Prof. Kenned 
f fleam-engine could not be greatly increased because of the rapid 
iue of pressure with temperature in the fluid used, while the gas- 
ttogine had the great advantage that a very high temperature 
eonld be obtained in it with only comparatively moderate pres- 
flmes. The theoretical maximum efficiency of such engines as the 
Otto (silent) or Mr. Clerk's was about 80 or 85 per cent. ; Le. a 
perfect gas-engine working between the same temperatures would 
[; eonvert into work that proportion of its whole heat of com- 
bnstion. So far these engines had attained an actual efficiency of 
17 or 18 per cent., or about 20 to 22 per cent, of the possible 
snazimum. No doubt in future they would attain far higher effi- 
ciencies ; and he thought that nothing could more certainly help 
forward this most desirable result than such careful and impartial 
investigations as those of the Author. In one matter only he 
bought the Author had made a mistake, namely, in his use of 
the expression "duty" in several places, pp. 17 and 18. The "duty" 
WBB there surely obtained by using as a standard an entirely 
ecmventional quantity, namely, the work done by the expansion of 
a certain volume of air, and therefore should hardly be compared 
with the actual duty determined by experiment, as on p. 18. 

Mr. A. A. Langley had just fixed two 3^-HP. Otto gas-engines Mr. Langl«y. 
coupled together at the Bishopsgate goods warehouse of the Great 
Eastern Eailway. They worked lifts and hoists in various parts of 
tiie building by means of chains running along the roof; the loads 
yaried from 10 to 30 cwt. They lifted or lowered through a dis- 
tance of 25 feet in about one minute. These were working very 
well, and would be retained in use until the hydraulic machinery 
fras in operation. The first cost was £622 ; they require about 
1,000 cubic feet of gas in twenty-four hours, working nearly all 
the time. He had also just completed a large lift for railway 
wagons; the cage was 25 feet long and 12 feet 6 inches broad, and 
lifted through 21 feet. The weight of the cage was 10 tons, and 
Hie counterweights 20 tons. A continuous chain passed from the 
top of the cage over wheels down to two 3 J-HP. and one 8-HP. 
gas-engines ; then down to wheels on the lower floor, and finally 
was again attached to the underside of the cage; all the full 
loaded wagons descended, and the empty wagons were taken up 
again. A full wagon could be lowered in twenty seconds. The 
machine and counterweights were arranged to suit the traffic, 
which required a train of full wagons to be quickly lowered, 
and there was plenty of time to take up the empty wagons. 
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Mr. Langley. He did not know of any other instance of so small a HP. working 
so large a lift. 
Mr. Clerk. Mr. Clerk, in reply upon the correspondence, said he considered 
it unnecessary to detail the different methods of calculating the 
thermal value of coal-gas, there being only one correct method, the 
only one, in fact, which scientific men used. That method was to 
take the separate thermal values of each of the components pre- 
sent: this he had done. The varying amounts of heat evolved 
by carbon and hydrogen in different compounds was so well known 
that Dr. Adams was surely mistaken in supposing that any educated 
chemist or physicist could fall into the error of calculating from the 
total carbon and hydrogen. Mr. Clerk was aware of the re-determi- 
nation of the mechanical equivalent of heat, and of the correction 
to air thermometric readings ; but considering the probability that 
the heating values used by him were determined by the ordinary 
thermometer, corrected by reference to the melting point of ice 
and the boiling point of water, he thought it better to use the old 
value. As has been pointed out in the Paper, almost all the data 
for accurate comparison of gas-engine economy had still to be 
determined ; it would be useless at present to attempt assigning 
minutely accurate values. He was much interested in the heating 
value of coal-gas calculated by Dr. Adams, but he considered it 
probable that it would be found too high. Dr. Mills informed him 
that he had not authorized the publication of any analysis of 
Glasgow coal-gas, and he had not calculated or determined its 
heating value. Captain J. Ericsson had evidently misunderstood 
the meaning of an efficiency of 4 per cent. Mr. Clerk failed to see 
the slightest bearing on the question of Captain Ericsson's descrip- 
tion of his small steam-engine trial. Mr. H. E. Jones was mis- 
taken in supposing that much could be learnt from a consideration 
of the circumstances of the Tottenham Court Eoad explosion ; the 
work done by Bunsen and by Mallard was of a definite nature, and 
the state of knowledge on the subject was more advanced than Mr. 
Jones allowed. Professor Kennedy would find that the greater 
^ part of the heat unaccounted for had passed through the walls of 
the gas-engine cylinder ; Mr. Clerk had made determination of the 
heat carried away by the water, and found that the loss attributable 
to imperfect combustion was very small. The temperature of 1,550** 
Fahrenheit was not high enough to cause appreciable dissociation 
of water or carbonic acid. Throughout the Paper the word " duty " 
had been used to express in every case the proportion of the heat 
converted into work to the total heat used by each type of engine. 
The total heat expended by each supposed type had been taken ; 



